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    Nine experimental metal roofs with rainwater harvesting systems were constructed and 
water quality parameters were measured in 2016-2017 in order to evaluate the effects of 
arboreal overhang on roof-harvested rainwater quality collected in East Texas. Three 
treatments were evaluated: Rainwater collected from roofs without any overhanging tree 
vegetation, rainwater collected from roofs under predominantly Southern yellow pine tree 
cover, and rainwater collected from roofs under predominantly hardwood tree cover. 
Rainwater was collected from these roofs for one year. The effects of canopy cover on 
water quality parameters, comparison to drinking water standards, first-flush efficiency, 
and seasonal effects were evaluated. 
    Significant differences among water quality parameters were observed among cover 
types for all analyzed parameters except nitrate-N and nitrite-N, which were often below 
the method detection limit. Drinking water standards were exceeded in the ambient 
rainfall as well as the tank samples from open, pine canopy, and hardwood canopy 
covered roofs for pH, color, turbidity, total coliforms and E. coli. Both nitrate-N and 
nitrite-N were within drinking water standards from all sources throughout the study. Use 
of first-flush diverters resulted in improved water quality of sampled water in 67% of 
comparisons. The bacterial standards were still exceeded even after first-flush diversion 




Seasonal differences in the analyzed parameters were observed for seven of eight 
parameters in the pine roof-harvested rainwater, five out of eight for the hardwood roof-
harvested rainwater, and in only one of the direct roof-harvested rainwater. Quantifying 
the effects of tree cover on roof-harvested rainwater contributes to the improvement of 
the designs of rainwater harvesting filtration and disinfection systems, making this 
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     Water is an essential component of life that is rapidly becoming limiting for the 
economic and environmental viability of Texas. The population of Texas is predicted to 
increase by over 70% between 2020 and 2070, to 51 million inhabitants (TWDB 2016). 
Greater population results in greater demand on water resources. The majority of water 
used in Texas comes from surface sources such as rivers and reservoirs, or from 
underground aquifers but these sources are already over-allocated throughout much of the 
state even under normal precipitation patterns. In the next 50 years, the existing water 
supply is expected to decline by ~11%, while the demand increases by ~17% (TWDB 
2016). Reservoirs mitigate water scarcity by catching runoff and holding it for use during 
drought. Due to sedimentation, reservoir storage per person has declined from a peak of 
2.4 ac-ft. per Texan in 1980 to 1.7 ac-ft. per Texan in 2012 (TWDB 2012). New reservoir 
construction would help offset this but is controversial and would still not meet all of the 
increasing demand. Groundwater supplies are also becoming more limited, especially in 
sensitive areas. The aquifers in the Gulf Coast Region are being threatened by saltwater 
intrusion from over-extraction (TWDB 2006). Too much salt in water renders the water 
nearly useless as it corrodes piping and degrades farmland when not desalinated, which is 
prohibitively expensive. Direct and indirect reuse are projected to supply 18% of water 




programs are increasing in use if not popularity, but are only expected to fill about 5% of 
annual demand by 2070 (TWDB 2016). One direct potable water reuse system is running 
in Texas currently (multiple are in development) and several indirect potable reuse 
projects are augmenting water supplies across Texas (TWDB 2017). An alternative 
source that is gaining in popularity, and seems to have significant potential for greater 
development, is roof-harvested rainwater. Although rainwater harvesting has been left out 
of previous State Water Plans in Texas due to concerns about supply consistency, the 
Texas Water Development Board included it in the 2017 State Water Plan (TWDB, 
2016). 
     Roof-harvested rainwater appeals to the people of Texas for a multitude of reasons. 
Texans like the inherent independence of a water catchment system as opposed to relying 
solely on municipal supplies. Eighty-five percent of respondents in a Texas roof-
harvested rainwater study agreed that their motivation for using such a system stemmed 
from concern for water resources (Stump et al. 2012). Respondents also reported that 
they believed rainwater to be healthier than other sources, while some chose it because it 
was the cheapest source of water. On a broader scale, roof-harvesting rainwater also 
decreases urban storm runoff, which would otherwise contribute to water or flood 
damage that occurs due to the existence of large areas of low permeability surfaces.  The 
Texas Water Development Board even cites benefits including the elimination of large-
scale distribution systems, the reduction of utility bills, as well as decreasing the summer 




     With trees now being recognized for contributing to both local climate and to the 
hydrologic processes of an area, many federal and municipal governments are 
encouraging the augmentation of tree coverage in cities. New York City recently began a 
plan to increase their urban tree coverage to 30% by 2030, to mitigate air quality 
problems within the city (Grove et al. 2006). This year, legislation was introduced called 
the Trillion Trees Act, which would aim to plant 1 trillion trees by 2050 as a greenhouse 
gas sequestration tool (H.B. 5859 2020). In 2006, the United States Department of 
Agriculture Forest Service released i-Tree, an internet-based software suite made for the 
purpose of assisting states, communities and organizations in urban forest management 
(USDA n.d.). Texas has 88 cities, including Nacogdoches, that have officially become 
Tree City USA designees (Arbor Day Foundation 2015a). This commitment includes 
requiring that the city maintains a tree board or department, has a community tree 
ordinance, and spends at least $2 per capita on urban forestry (Arbor Day Foundation 
2015b). 
     With the current push for urban areas to increase the amount of canopy coverage and 
the promotion of rainwater harvesting as a water supply source, it is only logical to 
quantify the effects of trees on roof-harvested rainwater quality. A study of rainwater 
collection systems in central Texas reported that 55% of harvesting roofs had at least 
some tree overhang (Carleton 2013). Although many researchers have reported the 
presence of tree canopies over rainwater-harvesting roofs as a possible source of water 




subject (Ahmed et al. 2010; Carleton 2013; Despins et al. 2009; Evans et al. 2006; Gould 
2003; Lay 2010; Kus et al. 2010b; Martin et al. 2010; Mendez et al. 2010; O’Hogain et 
al. 2012; Olaoye and Olaniyan 2012; Spinks et al. 2006; Wilbers et al. 2013). If both 
trees and roof-harvesting of rainwater are to have a significant place in the future, the 
interaction between the two needs to be analyzed and quantified. Effective planning and 
design of collection and filtration systems for rainwater harvesting requires understanding 
the factors that affect the harvested rainwater quality, such as type or lack of canopy, 
changes that occur seasonally, and the efficiency of the systems used to collect the 
rainwater.






     The purpose of this study was to ascertain the changes in quality of roof-harvested 
rainwater due to the presence of pine or hardwood tree canopy. Specific objectives were: 
1. To quantify the effects of Southern yellow pine and mixed hardwood tree 
canopies on the quality of rainwater harvested from metal roofs in terms of 
coliform bacteria, E. coli, conductivity, pH, color, turbidity, hardness, nitrate-
N and nitrite-N, lead, copper, zinc, aluminum, potassium, sodium, iron, 
magnesium, manganese and calcium. 
2. To evaluate the water quality from rainwater harvesting systems in 
comparison to drinking water standards. 
3. To quantify differences in water quality parameters by season from rainwater 
harvested from roofs in the open, under pine tree cover, or hardwood tree 
cover. 
4. To quantify the differences between diverted first-flush water and post-flush 
water quality to determine if current diverter guidelines are effective for 
improving water quality under different tree canopy conditions.






Forest Canopies and Throughfall Dynamics 
  
Species of Interest 
 
     All of the trees included in this study are species used for providing shade and 
enhancing the landscape, and as well as used commercially for wood products. In 
addition, they are all widely distributed in East Texas, and they all produce mast that 
feeds wildlife, with loblolly pine (Pinus taeda L.) growing pine seeds, black cherry 
(Prunus serotina Ehrh.) producing cherry drupes, and both Southern red oak (Quercus 
falcata Michx.) and white oak (Quercus alba L.) species producing acorns. They also all 
produce pollen. Jones and Bryant (2014) reported that the families Pinaceae, Rosaceae 
and Fagaceae were minor sources of pollen in honey in East Texas, and black cherry 
specifically was described as an important minor pollen producer in Angelina County. 
While it may seem that these trees are unimportant sources since they were noted as 
minor sources of pollen, diversity of food sourcing is one of the potential factors that is 
important for honey bees’ (Apis mellifera L.) health and therefore for bees’ ability to fend 
off Colony Collapse Disorder and various pathogens such as varroa mite (USDA 2012). 
     Loblolly pine and shortleaf pine (Pinus echinata Mill.) are coniferous trees in the 




United States. Quickly growing up to 100 feet tall with a straight trunk, loblolly pine in 
particular is commercially valuable and is grown in plantations to be harvested for 
lumber, paper, plywood and a large number of other forest products. The cones, which 
produce seeds that are an important mast for birds and small mammals, mature in the 
autumn but can remain on the branches for several years. (Cox and Leslie 1952; 
Samuelson and Hogan 2003) 
     Black cherry, or wild cherry, is a deciduous, pioneer-type tree species in the Rosaceae 
family that occurs as a native in the majority of East Texas as well as in most of the 
United States east of the Mississippi River. Typically, it quickly reaches 50 feet tall, but 
can reach up to 100 feet in height. The tree bears edible, dark purple drupes from flowers 
that grow in white racemes. The wood is valuable in commercial applications such as in 
furniture manufacture. While the flesh of the drupe is edible and bittersweet, the seeds 
contain cyanide, and the wilted foliage contains cyanic acid which can be poisonous to 
both wildlife and livestock. The fruit is known to serve as a food-source for over 30 
species of birds, as well as many mammals including black bear (Ursus americanus 
Pall.), red and gray foxes (Vulpes vulpes L. and Urocyon cinereoargentus Schreb.), and 
opossums (Didelphis virginiana L.). (Cox and Leslie 1952; Samuelson and Hogan 2003) 
     White oak is a deciduous tree of the Fagaceae family that occurs in the majority of 
East Texas as well as in most of the United States east of the Mississippi River. Growing 
slowly to over 100 feet tall with dense and strong wood, it is commercially valuable for 




imperfect catkins in the spring and protein-rich acorns in the fall, which are an important 
mast for various birds, black bears, deer and also numerous small mammals. (Cox and 
Leslie 1952; Samuelson and Hogan 2003) 
     Southern red oak is a deciduous tree of the Fagaceae family that occurs as a 
transitional species between pioneer and climax coverages in the majority of East Texas 
as well as in much of the southeastern United States. Quickly growing and reaching 
heights up to and over 70 feet, this species has wood that is dense and strong. It is 
valuable commercially for products such as boxes, crates, furniture and flooring. The tree 
produces imperfect catkins in the springtime and acorns in two seasons. The acorns serve 
as a food-source for various birds, black bears, deer and numerous small mammals. (Cox 
and Leslie 1952; Samuelson and Hogan 2003) 
Forest Canopies and Throughfall Chemistry 
 
     The effects of trees on the chemistry of throughfall precipitation is a subject that has 
interested scientists all over the world. Although there is some overlap, most of the 
studies cover different tree species or forest species compositions, and pertain to diverse 
locations. By country, locations in which this topic has been studied include: the United 
States, Mexico, Norway, the United Kingdom, Austria, Brazil, France, Turkey, Germany, 
Belgium, Canada, Italy, Panama, and Japan (Bhat et al. 2011; Silva and Rodríguez 2001; 
Moffat et al. 2002; Robertson et al. 2000; Berger et al. 2008; Germer et al. 2007; Colina-




Hamdan and Schmidt 2012; Balestrini et al. 1998; Macinnis-Ng et al. 2012; Chiwa et al. 
2003). On average, these countries use timber for over approximately 0.8% of the gross 
national income (UN 2011). In the United States, this contribution of forestry to the 
national GDP translates to over $200 billion dollars a year (USDA 2014). 
     While there have been many studies contributing to this area of scientific knowledge, 
they actually cover a very small proportion of the species, species mixture, geographic, 
and climatic combinations that are possible. According to the New York Botanical 
Garden, there are approximately 100,000 species of trees on Earth (NYBG 2009). Of 
twenty-five throughfall chemistry related studies surveyed, only 18 families and 53 
species were covered (Bhat et al. 2011; Silva and Rodríguez 2001; Moffat et al. 2002; 
Robertson et al. 2000; Berger et al. 2008; Germer et al. 2007; Colina-Tejada et al. 1996; 
Voigt 1960; Eisalou et al. 2013; Herrman et al. 2006; Lovett and Lindberg 1984; De 
Schrijver et al. 2008; Hamdan and Schmidt 2012; Staelens et al. 2006; Lichter et al. 
2000; Chiwa et al. 2004; Brown and Iles 1991; Cappellato et al. 1993; Carleton and 
Kavanagh 1990; Balestrini et al. 1998; Pehl and Ray 1984; Campo-Alves 2003; Pryor 
and Barthelmie 2005; Macinnis-Ng et al. 2012; Chiwa et al. 2003). Almost 55% of all of 
these studied species came from two families: Pinaceae and Fagaceae. Some species were 
chosen because they were of particular interest, while many were included simply 
because they occurred in the forest composition that was characteristic of the region or 
regions. While several studies examined throughfall chemistry from loblolly pine, 




     These studies were performed to explore a variety of scientific areas of interest. To 
describe just a few, studies were performed to quantify the local processes within forest 
stands, to expand the knowledge base of the effects of different species on water quality 
and thus on soil solution chemistry, to examine the temporal relationship between 
throughfall chemistry and soil water chemistry, to determine if various species mixtures’ 
ionic contributions to throughfall were different from single species stand contributions, 
to determine seasonal effects, to determine how rainwater leaches nutrients from a 
canopy, to determine forest canopies’ effect on forest streamwater quality, to quantify dry 
deposition profile on forests from atmospheric pollution, to expand the knowledge base 
of how nutrients cycle in different ecosystems and with changing environmental factors 
such as climate or atmospheric CO2 levels, and to determine how different pollutants 
could affect canopy leaching, as well as how diverse canopy structures affect nutrient 
cycling.   
     While throughfall precipitation chemistry has been studied worldwide, the East Texas 
region has only had one study performed on the subject (Pehl and Ray 1984). This study 
lasted for one year and rainfall and throughfall for 62 storm events were measured for Ca, 
Mg, Na, K, and N, from three forest composition types. Nutrients were higher for all 
types of forest composition canopy interactions as opposed to ambient rainfall. Measured 
parameters increased as follows: Ca by 50%, Mg by 118%, N by 76%, K by 230% and 
Na by 23% for loblolly pine throughfall.  The mixed loblolly pine and hardwood 




by 20% over the rainfall collected in the open on an annual basis. While the presence of 
canopy was significant, the variation between forest compositions was not. Mg, N, and K 
had similar seasonal variations associated with spring and autumn vegetative cover, 
indicating that the dominant contributing source was canopy leaching and not 
atmospheric deposition. However, Na and Ca were similar by season, with fall and spring 
pulses matching precipitation dynamics. Being more consistent by season, it was 
concluded that Na and Ca were more associated with atmospheric deposition than Mg, N, 
and K. (Pehl and Ray 1984) 
     Although Pehl and Ray (1984) concluded that the differences in forest cover type did 
not effect throughfall chemistry, other researchers have observed that forest species 
composition is significant. For example, in one study it was noted that throughfall 
concentrations of the cations Ca2+, Mg2+, and K+, and anions SO4
2- + NO3
- all decreased 
in the order of Picea abies (L.) Karst. > Pinus sylvestris L. > Alnus glutinosa L. Gaertn. > 
Quercus petraea (Matt.) Liebl. (Brown and Iles 1991). At the same site, about ten years 
later, Robertson et al. (2000) observed that throughfall concentrations of Na+, Mg2+, Cl-, 
and SO4
2-
  from the conifers were about double that of the broadleaf species. Both studies 
also measured lower throughfall pH from the spruce and pine trees than from the two 
deciduous species. This is consistent with other studies that measured a lower pH from 
coniferous forest throughfall than from deciduous forest throughfall (Silva and Rodríguez 




     The consensus in the scientific literature is that forest species composition is a major, 
if not the most important, factor in throughfall water chemistry and ecohydrology as 
documented in numerous papers (Bhat et al. 2011; Brown and Iles 1991; Silva and 
Rodríguez 2001; Hamdan and Schmidt 2012; Lovett and Lindberg 1984; Pryor and 
Barthelmie 2005; Robertson et al. 2000; Voigt 1960). There are some studies that did not 
report significant differences in ecohydrological factors under specific conditions. (Pehl 
and Ray 1984; Cape et al. 1991). The significance of different forest canopy species is 
due to the biotic variables that change among different species. Levia and Frost (2006) 
listed some of these variables as interception storage capacity, hydrophobicity, plant area 
index, leaf area index, and phenologic changes in the canopy structure. Various other 
researchers include species-specific differences such as leaf size and shape, leaf and tree 
age, leaf area index (LAI), foliage uptake, crown surface area and radius, canopy 
structure, and bark roughness to be important, as well as the position of the throughfall 
collector underneath the canopy (Brown and Iles 1991; Cape et al. 1991; Carleton and 
Kavanagh 1990; Hamdan and Schmidt 2012; Hebert and Jack 1998; Le Dantec et al. 
2000; Pryor and Barthelmie 2005; Voigt 1960).  
     Differences among leaves of different species change how efficiently atmospheric 
deposition is captured on leaf surfaces, due to factors such as size and shape. Most 
notable is the disparity between conifer needles and broadleaf leaves. Needles are better 
at capturing dry and occult deposition due to the more efficient trapping surface (Brown 




     Another factor worth consideration is tree age and leaf age and position/function. 
Although more studies are needed on throughfall water quality in relation to forest or tree 
age, age has been found to have significant effects to the throughfall solute profile. One 
such study was performed in Canada that compared tree stands that were 61, 90, and 120 
years old (Carleton and Kavanagh 1990). While net throughfall volume and K did not 
vary among the aged stands, NH4, N, NO3, PO4 -P, Ca, and Mg did exhibit significant 
differences. In retention of nutrients, the 61 and 90-year-old stands retained more of all of 
the N species than the 120-year-old stand. In terms of leaching, the 120-year-old stand 
leached more Ca and Mg than the other two ages of stand. The 90-year-old stand leached 
more inorganic phosphate, but the researchers speculated that it may have been due to the 
soil characteristics of the site, instead of relating to the tree age. The age of the trees was 
also noted to make no difference in the throughfall volume and in K deposition. (Carleton 
and Kavanagh 1990) 
     Relating to season as well as species, the plant area index (PAI) varies on a tree given 
the various states of leaf extension and leaf fall. The leaves not only add contact area for 
dry deposition and interception storage, but also have different effects on the water 
quality since they serve a different function for the trees than the branches. Interestingly, 
in a study conducted in northern Britain, phenology was not observed to influence 





     In one particularly thorough study, some of the major factors that were noted as 
influencing LAI in deciduous trees were the water stress of the previous year, diameter at 
breast height (DBH), soil fertility, and of course forest management in the form of 
thinning and harvesting (Le Dantec et al. 2000). A study in East Texas that focused 
specifically on loblolly pine plantations also concluded that the soil fertility may be more 
of a significant contributor than the water availability to LAI (Hebert and Jack 1998). 
While the study regarding deciduous forests reported an LAI range of 0.5 to 8 m2 m-2, the 
mentioned conifer plantation study noted a range of 0.41 to 4.64 m2 m-2 (both measured 
via Li-Cor Plant Canopy Analyzers). Both Le Dantec et al. (2000) and Hebert and Jack 
(1998) studied leaf nutrient content and reported that soil fertility was likely positively 
correlated to LAI. Interspecies leaf position differences were significant as well: for 
beech trees, an increase in sun leaves was directly related to an increase in LAI, whereas 
for oak and mixed oak-beech stands this correlation was not observed (Le Dantec et al. 
2000). 
     Differences in foliage uptakes by species is also an important factor in throughfall 
chemistry. Voigt (1960) suggested that species of greater leaf nutrient content would 
leach substantially more nutrients. This is supported by results reported by Hamdan and 
Schmidt (2012) in which P and K rates were much higher for bigleaf maple (Acer 
macrophyllum Pursh.) as opposed to Douglas-fir (Pseudotsuga menziesii (Merb.) 
Franco), which is directly consistent with the rates of P and K content of the species’ 




relationship between leaf content and throughfall content may be more complicated for 
some ions, such as Ca and Mg. Other researchers have also described different 
leachability rates for ions in different species (Eaton et al. 1973; Henderson et al. 1977). 
Compounding the effects of foliage uptake and leaching, is the finding that as foliar 
nutrient content increases (specifically N and P for both pine and hardwood, and K, Ca, 
and Mg as well for hardwood) the LAI increases as well (Le Dantec et al. 2000; Hebert 
and Jack 1998). So, not only is the amount of nutrient per leaf increased, but so are the 
amounts of leaves per area, and thus also the potential ion flux in the throughfall.  
     Although crown surface area and canopy radius seem very likely to affect throughfall 
chemistry just in that greater surface area would seem to lead to greater potential to 
change the water chemistry, that is not always the case. For example, bigleaf maple 
would seem likely to have greater throughfall volume than Douglas-fir, but researchers 
concluded that only occasionally does that make a difference – a result that researchers 
speculate indicates that a certain rainfall threshold must be reached before a difference 
becomes significant (Hamdan and Schmidt 2012). On the other hand, it seems likely that 
this could simply be attributed to species differences in interception storage capacities 
too. However, Cape et al. (1991) stated that during a two year study, seasonal differences 
in leaf-on and leaf-off did not make a difference in interception loss, which would seem 
to indicate that the former hypothesis is correct. 
     Canopy structure, especially in regard to branching pattern, seems to be one of the 




contact with trees. This is important because the differences to interception storage, 
solute collection in catch-and-release throughfall, and throughfall pattern beneath the 
canopy may all significantly affect the solute profile of throughfall used in scientific 
study or in roof-harvested rainwater. Although it would seem that species would be the 
most significant determinant to canopy structure, that is not always the case. Cape et al. 
(1991) concluded that provenance effects of branching patterns trumps species 
differences in branching patterns, as during a two year study, stemflow volume 
differences within species across multiple sites was greater than among species at the 
same site. 
     Another study conducted in Belgium reported that throughfall ion deposition was very 
spatially influenced under trees during the leafed season, but was relatively stable during 
the leafless season, which supports the idea that leaf position and function influences 
throughfall chemistry (Staelens et al. 2006). Conversely, those effects could also be due 
to the depth of canopy above the sampler, which has been described as proportional with 
water quality effects at other sites (Carleton and Kavanagh 1990). 
     Bark roughness has been reported to make less of a difference than other factors. 
Hamdan and Schmidt (2012) anticipated that a smooth-barked species would have greater 
stemflow than a rough-barked species that was studied concurrently, but the opposite was 
observed, and it was speculated that the epiphyte coverage and branch angles were of 
greater influence. In contrast, Voigt (1960) reported that rough-barked species did exhibit 




as possible greater epiphyte, lichen, and other organisms’ cover. Presumably, smooth 
bark should have less storage capacity and so should allow both drip (capture-release 
throughfall) and stemflow (decreasing the throughfall) faster and more efficiently than 
rough bark.  
     The position of the throughfall collector underneath the canopy can make a significant 
difference in observed throughfall parameters. Throughfall collected nearest the trunk of 
the tree would presumably have the greatest alteration, as that area represents the greatest 
vertical depth of canopy and thus surface area in which rainwater may come into contact. 
However, throughfall from the outside edge may be enriched as well if the leaves of the 
tree disperse water in a cascade system to the margin of the canopy. Additionally, there 
will also be gaps within the canopy (typically studies as the gaps between trees) in which 
the throughfall does not come into contact with the canopy at all, and so would remain 
unaltered. There has been some effort to quantify the collector position effects. For black 
spruce (Picea mariana (Mill.) Britton, Sterns & Poggenb.), the K, Ca, and Mg content of 
throughfall decline from inner to margin positions, but volume of throughfall as well as 
various N species increased (Carleton and Kavanagh 1990). The researchers reported that 
the effect directly correlated to the vertical depth of the canopy above the collector. 
Interestingly, throughfall chemistry from gap positions was more closely related to 
underneath-canopy throughfall than from open collectors, potentially indicating that the 




splashing occurs from adjacent crowns. Wind effects were discounted due to the sharp 
differences measured beneath canopy versus in gap positions.  
Seasonal Variations in Throughfall Chemistry 
 
     The arboreal factors influencing the solute inputs to throughfall precipitation can be 
broken down into two categories – temporal variations and spatial variations. Most 
temporal variation is attributable to abiotic factors such as storm event throughfall 
volume, duration, intensity, wind speed, and wind direction, but also by the biotic factor 
of plant area index, which would change with the leaf-out and leaf fall of the seasons and 
age of the trees involved (Levia and Frost 2006). All of these factors are associated with 
the seasonal variation of the location. 
     Throughfall volume has varying characteristics depending on analyte and location. In 
a study performed in Panama, the concentration of Ca in rainfall was seen to increase 
with the onset of the dry season, but Mg, K, and Na did not appear to be affected 
(Catriona et al. 2012). In general, however, wet season precipitation deposition had 
higher levels of nutrient delivery than the dry season, with throughfall deposition being 
even higher (Catriona et al. 2012). In East Texas, Pehl and Ray (1984) observed both 
spring and fall pulses of Ca. Since the Ca throughfall enrichment was stable through most 
of the year, dust was the most likely source.   
     As for water quality changes that have been attributed to the seasonal distinctions of 




or growing season (Pehl and Ray 1984; Pryor and Barthelmie 2005). Conversely, 
increases have been recorded in pH, K, Ca, Mg, Na, TOC, TKN, TP during the winter or 
dormant season (Bhat et al. 2011; Catriona et al. 2012; Pryor and Barthelmie 2005). Bhat 
et al. (2011) surmised that this enrichment during the winter/dormant season was due to 
the forest stands using nutrients during the growing season, but allowing them to be 
washed off during the dormant season. This seasonal variation in throughfall solute 
concentrations is also dependent on the tree species and on which analyte is under 
examination. For example, a study in the state of Georgia observed that though total 
Kjeldahl nitrogen (TKN) and total phosphorous (TP) fluxes in incident rainfall did not 
vary much between the growing season and the dormant season, they were 50% and 
200% greater in the throughfall during the dormant season (Bhat et al. 2011). That held 
true for forest stands of hardwoods, mixed composition, and wetland, but for the pine 
stand researchers actually noted a higher TKN flux during the growing season. In 
addition, it was reported that the enrichment ratio for total organic carbon (TOC) was 
higher in the growing season as well, likely due to canopy leaching. Inversely, it was also 
thought that the TKN and TP growing season reduction was possibly due to canopy 
uptake (Bhat et al. 2011).  
Storm Event Variations in Throughfall Chemistry 
 
     The storm event factors influencing the solute inputs to throughfall precipitation can 




Most temporal variation is attributable to abiotic factors such as storm event throughfall 
volume, duration, intensity, wind speed, and wind direction (Levia and Frost 2006). 
Spatial influences include the abiotic in storm event throughfall volume, duration, 
intensity, wind speed, wind direction (Bhat et al. 2011; Levia and Frost 2006). 
     The effect of throughfall volume as a spatial, abiotic factor is influenced by multiple 
components. For example, researchers who conducted a study in British Columbia 
concluded that event depth combined with proximity to the ocean affected the pH of the 
rainwater (Hamdan and Schmidt 2012). The first 5-10 mm of rainfall had a pH that was 
significantly different than the remaining rainfall, likely as a result of the first release of 
rainfall emptying the air of the oceanic components, leaving only the local atmospheric 
material. One consistent conclusion is that due to dilution, the greater the storm event 
depth, the less concentrated the throughfall solutes will be (Pehl and Ray 1984; Staelens 
et al. 2006). Levia and Frost (2006) also attribute some of the variances to 
micrometeorological characteristics of individual storms.  
     Not only does the rainfall event depth change the throughfall volume, but so does the 
event intensity. Throughfall quantity also has a direct relationship with the event 
intensity, or rate of rainfall. Noted as true for four species of pine, this direct relationship 
has been recorded as follows, with throughfall represented as a percentage of incident 
rainfall – 74.7% for ≤0.9 mm/hr, 85% for 1.0-3.9 mm/hr, and 91.9% for ≥4.0 mm/hr 
(Roth and Chang 1981). Logically, this would change the solute profile of the throughfall 




     Rainfall events of lesser magnitude had greater percentages of interception loss, 
exhibiting a range (dependent on species) that ranged from 13.6% to 37% (Bhat et al. 
2011; Silva and Rodríguez 2001; Cape et al. 1991). This is in addition to the throughfall 
percentage changes that are related to the storm size. According to one East Texas study 
of various pines, that average percentage ranges between 19.55% loss and 12.69% loss 
given a range of 0-10 mm of rain and >30 mm, respectively (Roth and Chang 1981). This 
would not affect free throughfall, but would potentially make a difference to the release 
throughfall solute profile (the fraction of rain which is intercepted and subsequently drips 
off the branches and foliage) (Dunkerley 2000 and Abrahams et al. 2003 ex. Levia and 
Frost 2006). Since the first atmospheric release in a storm typically has the most material 
(both solutes and suspensions), water lost in interception loss -> release throughfall 
should be of higher material concentration since it would also include some of the dry 
deposition material that had collected in the antecedent dry days. The more time that 
passes between storm the more opportunity there is for dust and other materials to settle 
onto leaves, needles, branches, et cetera (Pehl and Ray 1984). Since the release 
throughfall comes in contact with the canopy, it could also include some leachate from 
the plant material. Of course, the effect of this on the collected throughfall is spatially 
influenced since the percentage of throughfall that is actually drippage is greater nearer 
the stem than it is near the outside of individual tree crowns, and also different areas of 
the trees are likely to leach different materials (Roth and Chang 1981; Carleton and 




     Wind speed can make a difference in what materials, and how much of those materials 
are suspended in the air. The researchers in one particular study attributed the higher 
buffering under pine trees during the non-growing season to the presence of CaCO3 dust 
that was suspended by the non-growing season windspeed mean of 4.7 m/s, as opposed to 
the growing season mean windspeed of <3.6 m/s (Pryor and Barthelmie 2005). It is 
possible that the pulses of Ca that Pehl and Ray (1984) observed in both spring and fall 
were also due to higher wind speeds lifting and transporting dust.  
     There are other spatial, abiotic influences on throughfall solute concentrations as well. 
Researchers who conducted a study in Indiana noted Na was present but was unlikely to 
have come from tree leachate, since the location was far enough from the ocean to make 
that source unlikely, and concluded that the Na was probably from the salt used to deice 
roads in the area (Pryor and Barthelmie 2005). Another study in Japan reported 
completely different solute profiles when comparing throughfall from mountain-facing 
slopes versus urban-facing slopes (Chiwa et al. 2003).  
Roofs and Direct Precipitation 
 
     The characteristics and quality of rainwater coming off of roofs is a subject that has 
received attention from researchers globally (Gwenzi et al. 2015; Meera and Ahammed 
2006). Many aspects of roof-harvested rainwater quality are studied, but field studies 
using existing and experimental roofs are far more numerous than other, more controlled 




many also compare roofing material types’ effect on the water quality, some of which 
types are typical only to a small region.  
     More controlled studies need to be performed examining the water quality effects of 
the extensive array of factors which pertain to water quality, and the changeability of 
pollution output and climactic factors. Some particular factors that have already been 
studied include roof types (Lee et al. 2012; Olaoye and Olaniyan 2012), season (Germer 
et al. 2007; Sazakli et al. 2007), urban versus rural catchment locations (Wilbers et al. 
2013), proximity to coastal areas (Martin et al. 2010; Wilbers et al. 2013), age of the 
roofing materials (Abugunrin et al. 2014), and quality of water from different sampling 
points in the rainwater harvesting system (Kus et al. 2010b). In general, these can be 
organized into three categories: collection system contributions, anthropogenic 
environmental contributions, and non-anthropogenic environmental contributions. 
     One of the most frequently studied rainwater quality topics is the comparison of the 
effects of different roofing materials. In the United States, wood shingle, composite 
shingle, painted aluminum and galvanized iron have all been compared using 
experimental roofs (Chang et al. 2004). Water chemistry from the different roof types 
was significantly different only in pH, electrical conductivity and zinc, with zinc 
exceeding freshwater standards in all samples. The zinc concentrations were highest from 
wood shingles, then from galvanized iron, painted aluminum, and composition shingle. 
An earlier case study examining rock and tar, terra cotta, wood shingle and composite 




reported that the order of greatest zinc concentration to least was wood shingles > rock 
and tar > composite shingle > terra cotta. A more recent study performed by Mendez et 
al. (2010) compared asphalt fiberglass shingle, metal (Galvalume®), concrete tile, green 
(vegetative), and cool roofing. The water quality was similar coming from the metal, cool 
roofs, and concrete tiles, although none of the water met EPA drinking water guidelines. 
Water quality from green roofs and shingle roofs was similar as well, but both had higher 
dissolved organic carbon levels than the water from the other roof types. Dissolved 
organic carbon could result in harmful disinfection by-products if the water were to be 
purified with chlorine. The researchers concluded that the collected water from metal 
roofs had the lowest concentrations of fecal indicator bacteria, likely due to the low 
emissivity of metal and therefore higher surface temperature, a hypothesis also posited by 
Lee et al. (2012) and Yaziz et al. (1989). Lee et al. (2012) compared water qualities of 
roofs of wooden shingle tiles, concrete tiles, clay tiles, and galvanized steel and noted 
that in regard to physical and chemical quality, the metal roofs produced the highest 
water quality. This was a conclusion confirmed by Olaoye and Olaniyan (2012) in 
Nigeria. They reported that for asbestos, flat concrete, corrugated plastic, and aluminum, 
all the tested physical and chemical parameters were within WHO drinking water 
standards, but that aluminum sheeting had the highest magnesium levels and was free of 
coliform bacteria, unlike water samples from the other roof types. Also in Nigeria, 
Olabanji and Adeniyi (2005) compared the trace metals in roof runoff from iron-zinc 




the samples were within WHO standards (except in regard to chromium), and they all 
differed in which element was in highest concentrations. The mean enrichment of all 
metals together by roof was iron-zinc sheet > aluminum sheet > thatch > asbestos sheet > 
slate tile and all were significantly higher than that of rainfall, with an overall mean 
enrichment value of about 1.8 times.   
     Not only is metal roofing typically described as producing the best water quality, but it 
is also one of the most common materials used for the catchment surface. 85% of 
respondents in central Texas used metal roofs for rainwater catchment, and 59% 
specifically used Galvalume, an aluminum-zinc alloy coated steel (Stump et al. 2012; 
Galvalume, 2018). Another Texas study reported 90% of collection systems as including 
metal roofs (Carleton 2013). In A study in Australia noted that 53% of respondents had 
harvesting roofs of galvanized iron (Spinks et al. 2006). A majority 31% in Alaska and 
63% in Vietnam also use galvanized iron (Hart and White 2006; Wilbers et al. 2013). 
Other studies simply list metal roofs as being dominant in the area (Olabanji and Adeniyi 
2005; Rocher et al. 2004; Sazakli et al. 2007). 
     Multiple studies report that the older the roof, the material it contributes to the 
collected water decreases until it reaches a steady state (Olabanji and Adeniyi 2005). 
Although this overarching trend is clear, how quickly the contributions drop off is quite 
variable due to various factors including the type of roof and quality of the rainwater in 
the region, as well as as frequency, duration, and rate of storm events. This would also be 




(2001) exposed copper and zinc panels to synthetic rain both outdoors and in a laboratory 
and recorded that while the Cu runoff from the copper panel did not significantly change 
with time, the first 15 weeks of exposure of zinc panels produced a high, though sharply 
decreasing rate of Zn runoff, though the runoff rate for the year was relatively stable. 
Aged panels were also tested, but they all came from different environments and so 
cannot effectively be compared to each other. However, a study performed by Abegunrin 
et al. (2014) reported that in galvanized roofs aged within the same region for five, ten 
and fifteen years all resulted in similar harvested rainwater quality in terms of 
microbiological, physical, and chemical parameters. Different roof types exhibit different 
changes over time. Olabanji and Adeniyi (2005) observed that in general, while new 
aluminum roofs released more metals than older aluminum roofs, iron-zinc roofs actually 
released more metal with greater age.  
     Not only does the material used in the actual catchment surface make a difference to 
the harvested water quality, but so do the materials used in the rest of the harvesting 
system, such as the flashing, tank, plumbing, and fixtures.  The presence of lead flashing 
has been reported to increase lead content by 0.31 mg/L on average (Magyar et al. 2014). 
This is consistent with other findings in which lead concentrations increased when lead 
flashing was present (Huston et al. 2012; Huston et al. 2009; Magyar et al. 2008; Rocher 
et al. 2004). Melides et al. (2007) observed that the Zn levels measured from the 
drainpipes of studied buildings were higher than that of the roof drainage, indicating that 




metal components, if not completely made of metal). A different study described no 
significant difference between Zn and Pb when analyzing levels from copper pipes, 
plastic pipes and no pipes (Hart and White 2006). The plastic pipes did have an average 
31 ppb of Cu, whereas no Cu was observed in pipeless systems. Another study reported 
that the type of material used in the storage tank resulted in statistically significant 
differences (Despins et al. 2009). Water stored in plastic tanks had a slightly acidic pH 
around 6.5 whereas water stored in concrete tanks was around 7.7, and plastic-stored 
water had color 11.1 CU lower than that of concrete tanks. Similarly, the plastic tanks 
had about 43% less turbidity and about 54% less total organic carbon. Another study 
recorded that Zn concentrations were many times higher in water stored in metal tanks 
than in water stored in concrete tanks, but that no significant differences were noted 
between waters stored in tank materials of metal, concrete, and plastic when it came to Pb 
or Cu (Hart and White 2006). However, another study reported that water from plastic 
tanks had higher Pb concentrations than water from galvanized iron or concrete tanks 
(Huston et al. 2012). A Texas study reported that of the systems analyzed, 35% of tanks 
were fiberglass, 25% were metal with a polyethylene liner, 20% were polyethylene, and 
15% were ferrocement (Carleton 2013). 
     Since seasonal differences in atmospheric inputs are a function of local climate and 
geography, seasonality is a factor that has different effects in every region. For example, 
the flux ranges of total aliphatic hydrocarbons were four times greater in the fall/winter 




described a 42% increase in polycyclic aromatic hydrocarbons during the cold period as 
well as an increase in major elements (Ca, K, Mg, Na, P, S), which they attributed to 
household use of heating during the cold months. On the other hand, heavy metal 
deposition was steady throughout the year. At Kefalonia Island in Greece, higher values 
of conductivity, chlorides, NO3
-, Ca, and Mg were recorded in winter, while E. coli, total 
coliforms, and enterococci were least in winter and increased through the year until 
peaking in fall (Sazakli et al. 2007). The researchers attributed the seasonal change in 
conductivity and chlorides to the proximity of the sea, and the microbiological changes to 
temperature changes and quantity of water in the tanks (dilution). Vialle et al. (2011) and 
Despins et al. (2009) also observed the highest microbiological contamination in the 
warmest months and stated the same explanation of results. In Australia, at one site the 
direction of the wind changed with the season, resulting in a 2.5 times increase in element 
load in the summer over the winter (Martin et al. 2010). A second site in the same study 
that was located further inland resulted in no such difference.  
     Location of the site is a critical factor in pollutant occurrence and quantity, as 
discussed above (Martin et al. 2010; Sazakli et al. 2007). Specifically, the proximity of a 
site to industrial centers, if it is urban or rural, and its proximity to the sea are significant 
factors. These types of geographic factors can be broken down into two categories: 
anthropogenic and non-anthropogenic.  
     Leading the anthropogenic spatial causes of pollutant loads and concentrations is 




Australia reported that crustal dust/sea salt was responsible for 42% of bulk deposition, 
seconded by 28% coming from car exhaust/roadside dust, 23% from industrial dust, and 
7% aged sea salt/secondary aerosols (Huston et al. 2012). In contrast, the daily lead flux 
in bulk deposition was 70% industrial, and 26% car exhaust/road dust. However, Huston 
et al. (2012) also stated that these components only contributed to 65% of the measured 
contaminants in the harvested rainwater (sampled from tanks), with 35% coming from 
the actual harvesting system itself. Industrial lead made up 21% of the rainwater tank 
lead content. Another study in Nigeria also described roadside dust as a major source of 
particulate matter (Olabanji and Adeniyi 2005).  On the other hand, in the Mekong Delta, 
Wilbers et al. (2013) noted little correlation with roads or roadside proximity, but did 
observe high levels of Ba and Zn in industrial zones. Interestingly, Cu, Na, and chemical 
oxygen demand was lower in the harvested rainwater near industrial zones. Despins et al. 
(2009) and Magyar et al. (2008) also reported no connection with proximity to roads. 
Chang et al. (2004), in East Texas reported that rainwater had elevated levels of Cu and 
Zn, and attributed this to industry in the area. Huston et al. (2009) concluded that Li, Mn, 
Fe, Pb, SO2
-4, Sn, Sb, K, and ammonium sulfate were significantly lower in water from 
outer suburban sites as opposed to city/heavy traffic/industrial sites. Additionally, Ba, Zn, 
and Cu concentrations were significantly different in harvested rainwater depending on 
source location, with decreasing concentrations in order of: city/heavy traffic/industrial > 




measured inconsequential differences among sites and attributed this to the lack of 
influence from urban air pollution (Garnaud et al. 1999). 
     Another common source of anthropogenic contributions to air pollution is agriculture. 
Studies of agricultural inputs in roof harvested rainwater mostly focus on contributions as 
organic compounds, especially polycyclic aromatic hydrocarbons (PAHs). The highest 
concentrations of pesticides in rain were measured during and just after pesticide 
application periods, with parent compounds being present in roof-harvested water up to 
several weeks later, and metabolites being observed from two to six weeks later (Bucheli 
et al. 1998). Of 18 pesticides, six had concentrations above the 100 ng/L European union 
pesticide drinking water standard, with peak concentrations in the first two millimeters of 
rain. Dry deposition was not described as a significant factor, as initial roof runoff 
concentrations were not significantly higher than initial direct rainfall concentrations, 
likely due to the degradation of the compounds into secondary products. The burning of 
agricultural biomass was associated with elevated levels of acenaphtylene, NH4
+, and K 
(Tsakovski et al. 2010). The agricultural herbicides atrazine, simazine, and diuron, were 
measured in an urban area, with no local sources apparent, perhaps suggesting long-range 
transport mechanisms (Huston et al. 2009). Even the absence of agricultural input is 
notable, and typically is attributed to land use and/or lack of local application (Mendez et 
al. 2010; Sazakli et al. 2007). 
     Other possible sources of metals included the burning of solid wastes (Malassa et al. 




means of recovery of certain materials (Malassa et al. 2014). Rocher et al. (2004) also 
attribute some heavy metal deposition to the industrial incineration of waste. Olabanji 
and Adeniyi (2005) also discuss the contribution of Cr, Al, and Pb from ammunition and 
explosives, for the regions which have experienced intracommunal warfare just prior to 
study.  
     Non-anthropogenic sources of contaminants include oceanic and geologic sources. Of 
these two, proximity to the ocean is more frequently cited. As mentioned previously, 
Sazakli et al. (2007) on a Greek island observed that severe weather produced harvested 
rainwater with higher conductivity and chloride levels. In addition to these, marine 
associated weather patterns were also linked to higher levels of NO3
-, Cl-, Ca2+, and 
Mg2+. Another study reported that harvested rainwater sampled near the shore had about 
2.5 times less loading of elements when the majority of wind was coming from over the 
sea than when the wind was coming from an inland direction (Martin et al. 2010). Also, 
within that near-shore, coastal loading, the concentrations of Na, Mg, K, Sr, and Rb were 
increased as compared to inland-sourced wind. A second site 11 km away did not have 
such an increase in total loading, but the elemental profile did change slightly with 
relatively higher concentrations of Sn, Mg, V, and Mo in the collected water. Similar to 
Sazakli et al. (2007), Martin et al. (2010) stated that conductivity increased through the 
sea-influenced time period and was also overall 2-4 times higher at the seaside location 
than at the inland location. The pH of the harvested rainwater followed this trend of 




correlations between proximity to the ocean and TDS, pH, turbidity, COD, nitrate, 
chromium, magnesium, sodium, and zinc. However, they also noted that thatch and 
asbestos roofs were more prevalent nearer to the sea as well, which could account for the 
differences in TDS, turbidity, COD and nitrate (Wilbers et al. 2013).  
     The geologic influence on harvested rainwater quality is based in the mineral 
composition of the rocks and soils of the region, but is typically both natural and 
anthropogenically influenced. This is the case because while the elemental profile of the 
material is due to the mineral composition of the local geology and thus soil, it is often 
due to human interaction that it becomes available for incorporation into rainwater. 
Roadside dust is one such example (Huston et al. 2012; Olabanji and Adeniyi 2005). In 
Nigeria, a geologic setting that included gneiss, pegmatite, pegmatite schist, and a soil 
setting that included Lixosols (World Reference Base soil reference group) and Ultisols 
(USDA soil order) resulted in freefall rainwater metal content reflectant of the metals in 
the local soil, which had the compositional order Al > Fe > Mn > Zn > Cr > Ni > Pb > Cu 
> Cd (Olabanji and Adeniyi 2005). The rainwater metal concentrations were in quite 
similar orders, but with enhanced chromium and lead. In Australia, researchers used a 
Positive Matrix Factorization (PMF) model published by the US EPA to compare the 
deposition profiles to known source profiles and determine percent contributions (Huston 
et al. 2012). Although they reported that crustal matter/sea salt contributed 42% of daily 
flux of bulk deposition, none of the source matter was broken down into a specific 




     Examples of completely non-anthropogenic influences on rainwater quality are 
relatively rare. In the foothills of the Rodopi Mountains in Greece, there are prevailing 
north and northeast winds in the region which erode and transport geologic materials 
from the mountains (Melides et al. 2007). The geology of the mountains is composed of 
gneiss, amphibolites, marbles, granite, and volcanic rock. The contribution of this eroded 
material is presented as a source of elevated Ca and Mg, which also caused the pH of 
rainwater to have a high mean value of 7.44 and the roof-harvested rainwater to have a 
high mean value of 7.77 (Melides et al. 2007). 
     Another non-anthropogenic potential source is the pollution released from wildfires. 
Not as much research has been done on this topic, most likely due to the unplanned 
nature of the events. However, one group of scientists in Australia have attempted to 
analyze for possible effects (Spinks et al. 2006). Using only post-fire water samples, they 
tested for organic compounds, microbiological contaminants, heavy metals, physio-
chemical parameters, and also for plant nutrients. Most parameters fell within drinking 
water guidelines, but Fe, Zn, and Cd were elevated. The researchers posited that the Fe, 
Zn, and maybe even the Cd were from collection system materials, but allowed that at 
least some of the Cd may have come from the wildfires (Spinks et al. 2006). 
     It is due to these differences in geography and land use that the difference in wind 
patterns and direction makes such a big difference to harvested rainwater quality. If wind 
comes from the sea, it has one set of effects, while from mountains it has another. Some 




deteriorated water quality (Garnaud et al. 1999), while others observe that wind can clear 
an area of potential pollution effects (Melides et al. 2007). 
Health and Rainwater 
 
     It is common to use a first-flush diversion system to discharge rooftop contaminants 
before collecting rainwater for potable use and the use of such devices is recommended 
by many public health authorities (TWDB 2005). According to a study performed in 
central Texas, 58% of surveyed respondents reported using a first-flush diverter system, 
and only 0.06% did not use any purification system (Stump et al. 2012). Another Texas 
study described 95% of systems including filtration and disinfection to treat the collected 
rainwater (Carleton 2013). However, a study in Australia reported only 18% of 
respondents had a diversion system in place (Spinks et al. 2006).  In the Mekong Delta in 
Vietnam, 97% of surveyed homes used some form of first-flush diversion, although the 
extent and effectiveness of these systems was not clear and likely not all the same 
(Wilbers et al. 2013). 
      Although not universally utilized, first flush systems are a cheap, effective way to 
decrease contaminant concentrations in rainwater storage tanks. Many studies have stated 
that utilizing a first flush system can improve water quality (Kus et al. 2010a; Stump et 
al. 2012). However, the amount that needs to be diverted to achieve optimal water quality 
varies by area and analyte. For example, Kus et al. (2010a) stated that diverting 2 mm of 




that 5 mm needed to be diverted to obtain compliant levels for lead and turbidity levels. 
Diversion of the first 2 mm also decreased the organic matter content to nearly that of 
direct precipitation rainwater. One study reported that for galvanized steel, on average, 
the first flush of runoff had a higher pH by ~0.5 units, ~3 mg/L higher nitrate, 19 times 
higher Al, seven times higher Cu, 11 times higher Fe, four times higher Pb, and six times 
higher Zn (Lee et al. 2012). Additionally, the coliform bacteria count can drop from 76 
CFU/100 mL in the first flush to less than 1 CFU/mL in the tank (Lee et al. 2012). In 
existing residential rainwater harvesting systems, first flush has been noted to reduce 
turbidity by eight times, and other constituents like aluminum, chloride, ammonia, nitrate, 
and orthophosphate by two times (Kus et al. 2010b). However, bacterial contamination 
may not be significantly affected (Stump et al. 2012). 
     The contaminants that are most effected by use of a first-flush device are the metals. A 
Swedish study concluded that copper roofs may corrode at rate of 1.3 g/m2/yr but that 
only ~20% of that corrosion becomes runoff, while zinc roofs may corrode at 3.1 g/m2/yr, 
with runoff receiving about 60% of corroded materials (He et al. 2001). Researchers 
noted that low rain intensities cause the highest runoff rates for both materials. 
     Deposition during dry weather creates some of the largest contaminant loading that is 
washed off in the first few millimeters of rain. The mean concentrations of phosphorous 
and suspended particulate matter can be up to 20 times higher in the first 0.5 mm of 
rainwater wash off than in the first 10 mm wash off (Zobrist et al. 2000). In this work, the 




runoff level, and the initial concentrations were higher and had a slower rate of decrease 
than that of dissolved matter, which indicates the likely dry deposition origin. Total 
suspended solids in harvested rainwater were strongly correlated with the inorganic 
fraction of components, indicating origination in dust and sand as dry deposition (Lee et 
al. 2012). 
     Not all of the first flush contaminants are from dry deposition, some may also come 
from washing out of the atmosphere during the initial phase of the storm.  This is 
especially important for compounds that have low Henry’s Law constants, such as certain 
pesticides when in a gaseous state. For example, the pesticide atrazine decreased in 
concentration within rainwater by a factor of 10-20 in just the first 2 mm of rain (Bucheli 
et al.1998). While there is some diversity in the washout pattern for different pesticides, 
researchers concluded that generally pesticides all washed out “immediately and 
simultaneously” (Bucheli et al. 1998). Consistent with that pattern, Huston et al. (2009) 
also observed that total solids in rainwater exponentially decreased with rainfall increase. 
This washout phenomenon has also been described as evident with metals as well. In 
suburban Japan, researchers described the concentration of various metals in rainwater as 
inversely related to the volume of the rainwater (Hou et al. 2005). 
Study Parameters 
 
     Drinking water pH typically does not carry any primary drinking water standards; 




8.5 as optimal. This is based on the effects that pH can have on the operating systems of 
the water supply (WHO 2011; US EPA 2016b). Rainwater pH that is outside this range 
can contribute to the corrosion of metals within the collection and distribution system, 
thereby affecting the flavor and potentially degrading water quality. The WHO 
recommends a pH of less than 8 to assure the effectiveness of disinfection via chlorine 
(WHO 2011). Reported ranges of pH in roof-harvested rainwater exceeds this range 
internationally as both acid and base (~5.8 - 9.6), while previously in Nacogdoches 
rainwater exceeds this range only as an acid (~3.6) (Table 1). 
      Rainwater pH can have a significant impact on the other parameters of the 
composition profile of harvested water. Acidic rain will cause more metals to be released. 
Simmons et al. (2001) stated that low pH was directly related to greater levels of lead in 
collected water. Another study reported that when the pH was lowered to 5.0 from 7.0, 
the zinc, copper, lead, and cadmium all increased concentrations (Zobrist et al. 2000). 
The pH also effects the form of the metal, with lower pH relating to more dissolved metal 
and higher pH relating to more particulate metal in suspension (Garnaud et al. 1999).  
     The turbidity of water is a characteristic which does not necessarily have a direct 
impact on health. However, it may shelter some microorganisms from disinfection, as 
high levels of turbidity in drinking water distribution may have a direct relationship with 
occurrence of gastrointestinal infection (WHO 2011). Due to this, the WHO recommends 
having levels no higher than 5 NTU, but preferably below 0.2 NTU for best disinfection 




(TCEQ 2012). Measured quantities of turbidity in rainwater have been recorded that 
greatly exceed this, as high as 35 NTU, and even the best results do not reach the WHO 
recommended level of 0.2, as the lowest reported level was 0.3 NTU (Table 2). 
     The color of water is another parameter for which there are no primary water 
standards. The WHO, US EPA, and TCEQ have recommended secondary standards of no 
more than 15 color units (WHO 2011; US EPA 2016b; TCEQ 2012). While color itself is 
not a health concern, it may be an indicator of high levels of either dissolved organic 
substances or metals and therefore the source of it should be investigated to minimize 
chances of negative chemical interactions, especially in the disinfection process (WHO 
2011). International levels of color in roof-harvested rainwater have exceeded rainwater 
by up to 17 CU (Table 1). 
     While the total dissolved solids in drinking water may affect consumer satisfaction, it 
is unlikely to have a health impact, and only secondary standards exist. The WHO 
recommends 600 mg/L, the EPA recommends 500 mg/L, while the TCEQ has the 
aesthetic limit of 1000 mg/L (WHO 2011; US EPA 2016b; TCEQ 2012). Reported 
harvested rainwater TDS concentrations top out at ~664 mg/L in metal roofed structures 
(Table 1). 
     Microbiological contaminants are an important characteristic of water quality that is 
carefully monitored. This is because bacteria may have an acute impact on human health. 




more than 2,300 (WHO 2011). Total bacteria is not controlled, but the presence of 
coliforms and E. coli are tested for frequently. The WHO sets the primary standard for 
both coliform bacteria and E. coli at undetectable in 100 mL of water, while the EPA and 
the TCEQ set the standard at no more than 5% of samples testing positive in a month 
(WHO 2011; US EPA 2016b; TCEQ 2012). Most included studies that were performed 
with ferrous roofs tested negative for E. coli, except Carleton (2013) in which tap 
samples were all negative, but the tank samples had a maximum value of 523 CFU (Table 
1). Levels of coliforms ranged from zero to 2,896 colony forming units per mL (Table 1). 
     Nitrates and nitrites are constituents that only carry primary drinking water standards. 
Though part of dietary intake as a nutrient, excessive levels can have serious health 
consequences. Most notable is methemoglobinemia in infants, or Blue Baby Syndrome, 
which is the concern against which the WHO set their standards, at 50 mg/L of nitrate-N 
and 3 mg/L of nitrite-N (WHO 2011). In contrast, the EPA and the TCEQ have standards 
of 10 mg/L of nitrate-N and 1 mg/L of nitrite-N, and no more than 10 mg/L combined 
(EPA 2016a; TCEQ 2012). The levels reported for rainwater harvested from ferrous roofs 
are less than 6 mg/L nitrate and less than 3.5 mg/L of nitrite-N (Table 1). 
     While no relevant organization has health-based standards for aluminum 
concentrations in potable water, there are secondary standards in place. Both the US EPA 
and the TCEQ set the standard at 0.05-0.2 mg/L (US EPA 2016b; TCEQ 2012). 
International levels of Al in harvested rainwater are below this, topping at 0.04 mg/L, 




Nacogdoches, Texas, however, concentrations as high as 6.884 mg/L have been reported 
in harvested rainwater (Chang et al. 2004). 
     Copper is one of the metals that has both primary and secondary drinking water 
standards. The WHO health limit is 2 mg/L, while the US EPA and the TCEQ both have 
the limit at 1.3 mg/L (WHO 2011; US EPA 2016b; TCEQ 2012). The WHO standard is 
at that specific concentration due to the gastrointestinal effects that occur when more than 
2-3 mg of copper are consumed in a day by an adult (WHO 2011). The EPA health 
concerns are of the short term gastrointestinal distress, and also of the long term kidney 
or liver damage (EPA 2016a). Concentrations above 1 mg/L are known to stain laundry 
and sanitary goods, and at levels above 5 mg/L consumers may begin to taste the 
substance (WHO 2011). Fortunately, both international and local levels of copper in 
harvested rainwater are below these concentrations, with international levels peaking at 
0.831 mg/L and Nacogdoches, Texas levels peaking at less than 0.3 mg/L (Table 1). 
     Iron only has secondary standards for drinking water. All three relevant organizations 
have that standard at 0.3 mg/L (WHO 2011; US EPA 2016b; TCEQ 2012). This is 
because at 0.3 mg/L iron will begin to flavor water, stain laundry and fixtures, and affect 
turbidity and color (WHO 2011). Despite the aesthetic limits, the WHO does include Fe 
as an essential mineral and depending on the form of the Fe, recommends between 10-50 
mg per day of dietary intake (WHO 2011). Roof-harvested rainwaters outside of 





     Lead is a particularly significant water quality concern. Consumption of Pb has a wide 
range of health effects from developmental problems in children, to kidney problems, to 
death (WHO 2011; EPA 2016a). Unfortunately, there does not seem to be a threshold for 
the ill-effect of Pb (WHO 2011). However, the primary standards by the WHO limit it to 
0.01 mg/L, while the EPA and the TCEQ both have limits at 0.015 mg/L (WHO 2011; 
US EPA 2016b; TCEQ 2012). Internationally reported levels of Pb range from 0.001-4 
mg/L, while Nacogdoches, Texas harvested rainwater consistently exceeded health 
regulations at 0.025-0.255 mg/L (Chang et al. 2004; Table 2). 
     Manganese has both primary and secondary standards. The WHO primary level is just 
slightly less than the EPA and TCEQ secondary levels, at 0.4 instead of 0.5 mg/L (WHO 
2011; US EPA 2016b; TCEQ 2012). Presence of Mn in water can form a coating on the 
plumbing that tends to slough off as a black precipitate, and it also can affect the taste of 
the water and stain laundry and sanitary ware (WHO 2011). Nacogdoches, Texas roof-
harvested rainwaters have measured as high as ~0.3 mg/L, while elsewhere measured 
levels have reached ~0.07 mg/L. 
     Potassium is an unregulated parameter for drinking water quality. None of the relevant 
organizations have any standards for it. Actually it is a nutrient for humans, with a 
recommended daily consumption of 3,000 mg per day (WHO 2011). It is also present in 




     Sodium is a constituent for which there are no primary or secondary drinking water 
standards. This is because it is highly unlikely that drinking water sources will have high 
enough concentrations to be of concern (WHO 2011). Reported levels in harvested 
rainwater only reach ~27 mg/L (Table 1).  
     Zinc is another parameter for which there are only secondary drinking water 
standards. The EPA and the TCEQ both set the aesthetic limit at 5 mg/L, and the WHO 
discussed various characteristics of its contributions at levels of 5 mg/L and less (WHO 
2011; US EPA 2016b; TCEQ 2012). The international levels of Zn in roof harvested 
rainwater reach ~7 mg/L, but local levels were reported as reaching a high of 212 mg/L 
(Table 1). 
     One of the factors that impacts consumer’s satisfaction with a water source but not 
their health is the hardness of water. None of the mentioned organizations have primary 
or specific secondary standards for this, but it is something that is mentioned in favor of 
rainwater by the TWDB (TWDB 2005). Hardness is of concern to consumers because 
hard water can require increased use of soap and detergents, the deposition of calcium or 
lime deposits on plumbing, as well as result in unpleasant flavor (WHO 2011).  
     Calcium and magnesium also do not have primary or secondary drinking water 
guidelines. Since they are both required in daily consumption, and occur in fairly low 
levels in drinking water, they are not a health concern. Typically, they are just considered 




Table 1. The international ranges of water quality parameters from harvested rainwater 
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METHOD OF STUDY 
Research Design 
Study Area 
     The study sites were located at the Stephen F. Austin State University, Walter C. Todd 
Agricultural Research Center, 16 kilometers north of Nacogdoches, Texas (Figure 1). 
One site was in a field that was used for pasturing cattle, and the other two sites were in 
an area that was forested. The first forested site was under a canopy of Southern yellow 
pine, and the second was under a canopy of a mixture of black cherry, white oak and 
Southern red oak. All three sites were within about 150 meters (~500 feet). The 
surrounding area was largely rural, with some houses and forested areas, but was mostly 
agricultural. The immediately nearby agricultural fields were utilized for growing hay, 
pasturing horses or cattle, and maintaining broiler houses. Dominant nearby industries 
included steel fabrication, fertilizer and animal feed production, and poultry processing. 
Other industries dominant in East Texas included chemical production, poultry 
production, oil and gas extraction, paper production, plywood and oriented strand board 
production, lumber production, and in addition, considerable oil refining takes place 240 








Figure 1. The property of the Stephen F. Austin State University, Walter C. Todd 
Agricultural Research Center, with locations of the rainwater harvesting roofs. 
 
     Nacogdoches was the largest town nearby the site, ~16 kilometers south of the 
Research Center (Figure 2). The town had approximately 33,000 residents, as well as a 




but largely leave for the summer (US Census Bureau 2010). Of the approximately 12,000 
students who attend Stephen F. Austin State University, about 44% live in university-
owned housing (Petersons n.d.). This could be a significant factor in the fluctuation of 
automotive pollution rates in the area. 
 
Figure 2. The location of the rainwater harvesting roofs sampling area in relation to 







     The wind patterns in the study area are dominantly from the south most years, with the 
preponderance of months experiencing more eastern than western wind origins (SFA 
Observatory 2017a; SFA Observatory 2017b; SFA Observatory 2017c; SFA Observatory 
2017d). This is consistent with previously studied wind and roof-harvested water quality 
studies that have been conducted in the area (Chang et al. 2004; Chang et al. 1980). 
     From 2013 to 2015, the highest monthly rain recorded was 30.28 cm (11.92 in) and 
the lowest monthly rain recorded was 1.12 cm (0.44 in). The average temperatures 
recorded during that time had a high of 28.3 °C (83 °F) and a low of 6.4 °C (43.6 °F), 
with the biggest difference between high and low within a particular month being 13.8 °C 
(7.1 °F) (Table 2). 
Table 2. The monthly average temperature and total precipitation, over three years, as 
recorded by the SFA Weather Observatory at the Walter C. Todd Agricultural Research 
Center (SFA Observatory 2017b; SFA Observatory 2017c; SFA Observatory 2017d).  
Months Rainfall (cm (in)) Temperature (°C (°F)) 













































































































































































































Figure 3. The monthly average temperature and total precipitation, over three years, as 
recorded by the SFA Weather Observatory at the Walter C. Todd Agricultural Research 
Center (SFA Observatory 2017b; SFA Observatory 2017c; SFA Observatory 2017d). 
 
Methods 
     Sampling of rainwater occurred for one year, starting October 1, 2016. Three sites 
were chosen: one without tree canopy (open), one with a predominantly pine canopy, and 
one with a predominantly hardwood canopy. At each site three roofs were constructed. 
Each roof consisted of a wooden frame with 1 Galvalume metal sheet (365.76 cm x 91.44 












































faced southeast and had a high end of 3.048 m (10 ft) and a low end of 2.286 m (7.5 ft), 
giving a slope of 25%.  
     With each set of three roofs there was also a throughfall capture system, as well as a 
raingauge. The throughfall and direct capture systems consisted of Raingo® vinyl gutters 
and gutter guards, with the drains emptying into funnels covered by wire mesh which led 
to lines draining into five-gallon, food-grade plastic buckets. Each throughfall/direct 
capture gutter was held up by t-posts at a height of 2.286 m (7.5 ft) to make the height 
consistent with the roofs’ gutter heights. Every raingauge was a USGS raingauge, also at 
a height of 2.286 m (7.5 ft). 
     Each roof had the same type of sampling system (Figure 4, Figure 5, Figure 6). One-
quarter inch leaf guards (Raingo® gutter guards) were installed on the gutter systems, as 
recommended by the TWDB (TWDB 2005). The gutters emptied into Rain Harvesting™ 
First Flush Downspout Water Diverter with Leaf Eater™ Rain Head, which diverted the 
first 7.57 L or ~0.226 cm (~0.09 in) of water into its own cistern (Appendix A). The 
diverter was a PVC standpipe with ball valve. The first flush diverter was glued together 
using drinking water grade Oatey® primer and cement. The collection tank system 





Figure 4. The set of three roofs with collection systems under the pine trees at the 
Stephen F. Austin State University, Walter C. Todd Agricultural Research Center on 








Figure 5. The set of three roofs with collection systems under the hardwood trees at the 
Stephen F. Austin State University, Walter C. Todd Agricultural Research Center on 





Figure 6. The set of three roofs with collection systems in the open at the Stephen F. 
Austin State University, Walter C. Todd Agricultural Research Center on April 10, 2017. 
 
     Rainfall events were monitored via the SFA observatory website and the University of 
Utah MesoWest website. Each rain event qualified based on the data gathered by the 
observatory and by the raingauges that had been placed with the forest roof sites. If all 
raingauges measured ≥ 0.4318 cm (0.17 in) of rainfall within a 24-hr period, the rain 







     Per sampling event, a total of 46 bottles were collected. Polypropylene 1000 mL 
bottles were used and labeled in the field. Two samples were taken from each first-flush 
diverter, two from each post-flush tank, and two from the throughfall/direct capture 
buckets. With three roofs per site, that is 14 bottles per cover type. Given three cover 
types, for a total of 42 bottles. Two extra bottles were also taken from a random sampling 
point every time for quality assurance and control, one for lab physiochemical analysis 
and the other for microbiological analysis. Two bottles for QA blanks (one for the 
hydrology lab and one for the Soil, Plant and Water Analysis lab at Stephen F. Austin 
University in Nacogdoches, TX) were also brought each time. All bottles were labeled as 
to sampling site, sampling roof, and date. All samples were transported on ice, in coolers, 
to the appropriate lab for analysis. If there was a delay in analysis they were stored in a 
refrigerator. 
     First flush samples were obtained by the following method. The first flush diverter 
was emptied into a food-grade ~19-L (5-gal) plastic bucket and the water was agitated to 
achieve homogeneity. Samples were poured into 1000 mL polypropylene bottles, using a 
plastic dipper. In between sample sources, the dipper was cleaned with deionized water. 
     All post-flush rainwater samples were obtained by the following method. After the 




from the tank using a plastic dipper. In between uses, the dipper was cleaned with 
deionized water.  
     Two sets of testing occurred. The first set of samples was transported to the hydrology 
lab for turbidity, color, and bacterial analysis by the primary investigator, according the 
methods listed below in Table 3. For the physiochemical analysis, the other set of 
samples was transported to the Soil, Plant and Water Analysis Lab at Stephen F. Austin 
University in Nacogdoches, TX and tested according to the methods listed below in Table 
4.  
   Canopy coverage was obtained using a densiometer. A concave spherical densiometer 
was used to obtain measurements of coverage from each corner of the roofs and from 
over each throughfall/direct capture bucket and its gutter system. 
Maintenance 
     Site maintenance was performed quarterly, with a field data sheet filled out for every 
site of three roofs (Appendix C). The data sheet included date and time, samplers’ 
initials, location, comments, number of days since last qualifying event (DSLP), gutter 
state, roof state, and tank state. During each quarterly maintenance event the roofs were 








     Sampling was documented using field data sheets (Appendix C). Each sampling event 
had the following information recorded for each roof: 
• Date 
• Samplers’ initials 
• Location 
• Roof ID 
• Sample Collection time 
• Days since last precipitation (DSLP) 
• Present weather conditions 
• Comments  
 
All field data was compiled in a Microsoft Excel Workbook.    
     Chain-of-Custody (COC) forms were made for each sample set listing date, locations, 
roof ID, samplers’ names, and any change in possession or entrance to the Soil, Plant, 
and Water Lab at Stephen F. Austin State University in Nacogdoches, TX (Appendix C). 
Upon transfer to the lab, the available lab associate signed for all the samples listed, and 







     After acceptance into the laboratory, samples were removed from ice coolers and 
placed into laboratory-dedicated refrigerators for the appropriate holding times until 
processing. Parameters and their analytical methods are listed in Tables 3 and 4. 
Table 3. The parameters that were analyzed by the primary investigator, along with the 
methods that were used during the project and the standards that apply. 
Analyte Units Instrument Method Holding 
Time 
Turbidity FAU Colorimeter Hach 8237 48 hours 
Color CU Colorimeter Hach 8025 48 hours 
Total bacteria CFU Membrane 
filtration 
Hach 10029 24 hours 
E. coli CFU Membrane 
filtration 
Hach 10029 24 hours 
 
Table 4. The parameters that were analyzed by the Soils, Plant and Water Analysis lab of 
SFASU, along with the methods that were used during the project and the standards that 
apply. 
Analyte Units Instrument Method Holding 
Time 
pH pH pH meter SM 4500-H+ B 2 hours 
EC µS/cm Conductivity Meter SM 2510 B  
Nitrate-N mg/L Ion Chromatograph   
Nitrite-N mg/L Ion Chromatograph   
Aluminum mg/L ICP-OES EPA 200.7 2 weeks1 
Calcium mg/L ICP-OES EPA 200.7  
Copper mg/L ICP-OES EPA 200.7 2 weeks1 
Iron mg/L ICP-OES EPA 200.7 2 weeks1 
Lead mg/L ICP-OES EPA 200.7 2 weeks1 




Table 4. continued. 
Magnesium mg/L ICP-OES EPA 200.7 2 weeks1 
Manganese mg/L ICP-OES EPA 200.7 2 weeks1 
Potassium mg/L ICP-OES EPA 200.7 2 weeks1 
Sodium mg/L ICP-OES EPA 200.7 2 weeks1 
Zinc mg/L ICP-OES EPA 200.7 2 weeks1 
1For non-acidified sample  
 
Bacterial Analysis 
     Bottles used to transport samples for bacterial analysis were first washed in an HCl 
acid solution, rinsed with deionized water, and then allowed to dry. Once the bottles were 
dry, they were sealed and set aside for use. 
     No preservative was used in the bacteria-sampling bottles, but once filled with sample 
water, they were placed on ice, in coolers until they could be processed. All samples were 
processed within 24-hours from the sampling time. 
   E. coli and total coliform counts were ascertained by membrane filtration. Membranes 
were incubated in m-ColiBlue24 Broth for 24 hours, as per the manufacturer’s protocol. 
In this method, E. coli are identified as blue colonies and other coliforms as red colonies. 








     Samples collected for physiochemical lab testing were collected following the 
procedure noted above, and transported to the lab on ice, in coolers. All metal analyses 
were performed to ascertain total metals. 
Comparison to Drinking Water Quality Standards 
     Results were compared to the drinking water guidelines published by the Texas 
Commission on Environmental Quality (TCEQ), the United States Environmental 
Protection Agency (USEPA), and the World Health Organization (WHO). 
Comparison of First-Flush to Post-Flush 
     After all the samples had been processed, and all values recorded, a comparison was 
made of the mean values for first-flush diverted rainwater to the post-flush water in the 
tanks. 
Comparison of Canopy Types 
     After all the samples had been processed, and all of the values recorded, a comparison 
was made of the mean values for the three treatments. 
Statistical Analysis 
     The physiochemical and bacterial data were analyzed for differences between first-
flush and post-flush, for differences among treatment groups (no canopy, pine canopy, 




differences among treatment groups were tested using SAS software. Normality was 
tested for each parameter using the Shapiro-Wilkes Test at  = 0.05. Parameters that 
were not normally distributed were tested using the non-parametric Kruskal-Wallis test. 
The Kruskal-Wallis test was used to determine if there was a significant difference 
among treatment distributions at  = 0.05 and was chosen because it is robust enough to 
handle non-normal distributions, missing datapoints, outliers, and values potentially 
outside detection limits. Bonferroni comparisons were used to determined which 
treatment means were significantly different at  = 0.05. 
Quality Assurance/Quality Control 
 
     To ensure quality results, the following procedures were followed. In the field, field 
blanks were used, and for every rain event one source (flush tube, tank, or 
throughfall/direct capture bucket) was sampled twice (field double). In the lab, a lab 
blank was used for bacteria testing as well as for color and turbidity testing. One sample 
per rain event was analyzed twice for bacteria (example: Pine 1 Flush), and one sample 
per rain event was analyzed twice for color and turbidity as well. Periodically, a positive 









     For this project, rainwater samples were collected at three sites, each containing three 
experimental roofs, first-flush systems, tanks storing the roof runoff after first-flush 
diversion, and one throughfall/direct collection bucket, and were analyzed for specific 
water quality parameters. Sampling took place for one year, from October 1, 2016 to 
October 1, 2017, with storm events qualifying for sampling based on standardized criteria 
for runoff volume. A total of 842 bottles of rainwater were collected for this project, 
along with associated data. Rainwater samples were analyzed for the total metals of Al, 
Ca, Cu, Fe, Mg, Mn, Na, Pb, and Zn, as well as for nitrate-N, nitrite-N, electrical 
conductivity, pH, color, turbidity, total coliforms, and E. coli. Roof structures were built 
and exposed to the elements for 6 months before sampling took place. Forest canopy 
densiometer measurements were 100% for all areas of the forested roofs, and 0% for all 
areas of the open roofs. During the one-year collection timeframe, 22 storm events were 
sampled (Table 5). Roofs were cleared of litter and large debris on 2 Dec 2016 and 11 
Mar 2017, and on 28 Apr 2017 just the filter screens were cleared off. The laboratory 
results for each sample are displayed in Appendix B. The field data sheet used during 






Table 5. Sampled storm event dates, days since last significant precipitation (DSLP 
>0.03), debris cover on roofs, raingauge levels, and weather conditions during sampling. 
Storm Event 
Date 
DSLP Litter/Debris Cover Raingauge Level (in) Weather 
14 Oct 2016 3 Pine: No data 
Hardwood: No data 


























04 Dec 2016 4-5 Pine: Some leaves 






06 Dec 2016 2 Pine: Some leaves 






17 Jan 2017 <1 Pine: Some leaves 






19 Jan 2017 <1 Pine: Some leaves 






06 Feb 2017 16 Pine: Lots/Covered 






14 Feb 2017 8 Pine: Lots/Covered 






20 Feb 2017 6 Pine: Lots/Covered 






05 Mar 2017 12-13 Pine: Lots/Covered 






11 Apr 2017 9 Pine: Some leaves 










Table 5. continued. 
22 Apr 2017 3 Pine: Some leaves 






12 May 2017 8-9 Pine: Some leaves 






21 May 2017 8 Pine: Some leaves 






28 Jun 2017 18-20 Pine: No data 
Hardwood: No data 
Open: Clear 
Pine: No data 
Hardwood: No data 
Open: 1.45 
Partly cloudy 
27 Aug 2017 3-4 Pine: No data 
Hardwood: No data 
Open: Clear 
Pine: 0.71 
Hardwood: No data 
Open: 1.51 
Raining 
28 Aug 2017 <1 Pine: Some leaves 






29 Aug 2017* <1 Pine: Lots of leaves 






30 Aug 2017 <1 Pine: Lots of leaves 













*Storm event sampled despite being under the qualifying level for a single storm event, 
as it was part of a continuous storm event. 
     While the measured values for all the total metals were reasonably low, there is not 
enough confidence in the data quality to make statistical comparisons among datasets. 
The ICP-OES that the Soil, Plant and Water Analysis Laboratory used to analyze the 
rainwater samples automatically generates a Limit Of Detection per run, but the 
instrument was not calibrated at levels low enough to be compatible with environmental 




quality control measures are not calculable as insufficient QA data were collected, stored, 
or sent by the lab. Because of this, only the descriptive statistics of the total metal 
analyses are included in the results of this study. 
    For the purposes of statistical analysis, all bacteria colony counts that were equal to or 
higher than 10,000 CFU/100 mL were reduced to 10,000, including all plates that had 
colony counts that were too numerous to count or were confluent. The use of 10,000 
CFU/100 mL as a cutoff point has been used in previous studies (Vialle et al. 2011) as 
well. While greater resolution would be desirable, it was not possible. In a test of 5 mL of 
sample water versus 25 mL, the lower sample volume resulted in complete loss of 
detection in the E. coli counts for the open roof harvested rainwater. A test of 5 mL 
versus 10 mL of sample water retained detection of E. coli in the 10 mL sample, and 
improved the quantifiability of bacteria counts. Even so, the highest estimated E. coli 
count in the study was over 25,000 CFU/100 mL and the highest estimated total coliform 
count in the study was over 106,000 CFU/100 mL, and there were many samples with 
CFUs that were too numerous to estimate. Estimations were performed by counting the 
CFUs in a small number of grid squares, multiplying that to the number of wetted grid 











Table 6. Descriptive statistics for eighteen water quality variables for roof-harvested 
rainwater from underneath different cover types in 22 events observed from October 
2016 through September 2017 at the Walter C. Todd Agricultural Research Center. 
Variable Statistics Roof runoff Rainwater EPA 


















































































































































































































































































































































































































































* The reliability of the total metal values are compromised as not enough QA/QC data was 
collected by the Soil, Plant and Water Analysis Laboratory. 
**Measures for both bacteria categories were calculated with all counts ≥10,000 CFU/100 mL 
reduced to 10,000, as many samples were too numerous to count. 
 
Canopy Effects and Drinking Water Standards 
 
     As almost all water quality parameters were not normally distributed, the non-
parametric Kruskal-Wallis test was used to determine if the datasets (harvested rainwater 
analyte concentrations from pine, hardwood, and open tanks, and then analyte 
concentrations from pine, hardwood, and open throughfall/direct capture) could be 
treated as one population (treatment effect 1 = treatment effect 2 = treatment effect 3). In 
other words, the null hypothesis was that there were no differences among harvested 
rainwater quality collected from pine, hardwood, or open catchments for a specified 
water quality parameter. Next, if the null hypothesis from the Kruskal-Wallis test was 
rejected, a Bonferroni comparison test was performed to determine which groups were 
significantly different from each other within the tank sample means and then within the 
throughfall/direct capture sample means. 
Nitrate-N   
     The water samples from the roof runoff storage tanks in the open area ranged in 




tank samples in the pine and hardwood areas, which ranged from non-detection lows to 
highs of 3.626 mg/L and 1.800 mg/L, respectively. The pine and hardwood throughfall 
samples also had non-detection lows but had highs of 5.161 mg/L and 2.283 mg/L, as 
opposed to the open direct capture samples, which had a non-detection low and a high of 
1.227 mg/L of nitrate-N in the sampled rainwater. The EPA and the TCEQ have drinking 
water standards for nitrate-N at 10 mg/L and the WHO standard for nitrate-N is 50 mg/L. 
No sample collected during this study reached either standard level for nitrate-N 
concentration. 
     The roof runoff storage tank samples for the pine, hardwood, and open roofs were 
tested for normality using the Shapiro-Wilkes test, and the null hypothesis that sample 
populations were normally distributed in regards to nitrate-N was rejected for pine (p 
<0.0001), hardwood (p <0.0001), and open (p <0.0001). The Kruskal-Wallis calculated  
p-value (0.0602) was greater than the alpha level (α = 0.05), so the null hypothesis that 
there were no statistically significant differences among population distributions of 
nitrate-N from tank samples with pine canopy, hardwood canopy or no canopy was not 
rejected.  
     The throughfall/direct capture samples for the pine, hardwood, and open areas were 
tested for normality using the Shapiro-Wilkes test, and the null hypothesis that sample 
populations were normally distributed in regards to nitrate-N was rejected for pine (p 
<0.0001), hardwood (p = 0.0002), and open (p = 0.0015). The Kruskal-Wallis calculated  




were no statistically significant differences among population distributions of nitrate-N 
from throughfall/direct capture samples with pine canopy, hardwood canopy or no 
canopy was rejected. Bonferroni analysis on nitrate-N concentration indicated that the 
pine means and open throughfall/direct capture means were different while the hardwood 
mean was similar to both of the others (Figure 5) 
 
Figure 7. The mean nitrate (NO3-N)  concentrations (mg/L) for all tank and 
throughfall/direct capture rainwater samples per canopy type in East Texas. The letters 
refer to Bonferroni comparison results, while the subscripts refer to the Bonferroni test 
groups. 
Nitrite-N 
     The rainwater samples from the open tanks ranged in concentration of nitrite-N from 




had non-detection lows but highs of 0.628 mg/L and 0.060 mg/L, respectively. The pine 
and hardwood throughfall samples also had non-detection lows but had highs of 0.096 
mg/L and 0.954 mg/L, as opposed to the open direct capture samples, which had non-
detection for the duration of the study. The EPA and the TCEQ have drinking water 
standards for nitrite-N at 1 mg/L and the WHO standard for nitrite-N is 3 mg/L. No 
sample collected during this study reached either standard level for nitrite-N. 
     The tank samples for the pine, hardwood, and open roofs were tested for normality 
using the Shapiro-Wilkes test, and the null hypothesis that sample populations were 
normally distributed in regards to nitrite-N was rejected for pine (p <0.0001), hardwood 
(p <0.0001), and open (p <0.0001). The Kruskal-Wallis calculated p-value (0.2890) was 
greater than the alpha level (α = 0.05), so the null hypothesis that there were no 
statistically significant differences among population distributions of nitrite-N from tank 
samples with pine canopy, hardwood canopy or no canopy was not rejected.  
     The throughfall/direct capture samples for the pine, hardwood, and open areas were 
tested for normality using the Shapiro-Wilkes test, and the null hypothesis that sample 
populations were normally distributed in regards to nitrite-N was rejected for pine (p 
<0.0001), hardwood (p <0.0001), and open (p <0.0001). The Kruskal-Wallis calculated 
p-value (0.0051) was less than the alpha level (α = 0.05), so the null hypothesis that there 
were no statistically significant differences among population distributions of nitrite-N 




canopy was rejected. Bonferroni analysis on nitrite-N concentration indicated  that only 
the hardwood throughfall sample mean was significantly distinct in this study (Figure 6). 
 
Figure 8. The mean nitrite (NO2-N) concentrations (mg/L) for all tank and 
throughfall/direct capture rainwater samples per canopy type in East Texas. The letters 
refer to Bonferroni comparison results, while the subscripts refer to the Bonferroni test 
groups. 
Electrical Conductivity 
     The rainwater samples from the open tanks ranged in electrical conductivity from 2.65 
to 43.1 μs/cm, as opposed to the pine and hardwood tank samples which had lows of 2.99 
μs/cm and 4.15 μs/cm but highs of 106.4 μs/cm and 62.3 μs/cm, respectively. The pine 
and hardwood throughfall samples had low conductivities of 4.65 μs/cm and 8.04 μs/cm 




samples, which had a low conductivity of 1.5 and a high of 35.1 μs/cm in the sampled 
rainwater. Neither the EPA, the TCEQ, nor the WHO have drinking water standards for 
electrical conductivity.  
     The tank samples for the pine, hardwood, and open roofs were tested for normality 
using the Shapiro-Wilkes test, and the null hypothesis that sample populations were 
normally distributed in regards to electrical conductivity was rejected for pine (p 
<0.0001), hardwood (p <0.0001), and open (p <0.0001). The Kruskal-Wallis calculated 
p-value (<0.0001) was less than the alpha level (α = 0.05), so the null hypothesis that 
there were no statistically significant differences among population distributions of 
electrical conductivity from tank samples with pine canopy, hardwood canopy or no 
canopy was rejected. Bonferroni analysis on the electrical conductivity indicated that 
while pine-influenced tank samples were similar to hardwood-influenced tank samples, 
the open tank samples were dissimilar. 
     The throughfall/direct capture samples for the pine, hardwood, and open areas were 
tested for normality using the Shapiro-Wilkes test, and the null hypothesis that sample 
populations were normally distributed in regards to electrical conductivity was rejected 
for pine (p = 0.0004), hardwood (p = 0.0531), and open (p = 0.0049). The Kruskal-Wallis 
calculated p-value (<0.0001) was less than the alpha level (α = 0.05), so the null 
hypothesis that there were no statistically significant differences among population 
distributions of electrical conductivity from throughfall/direct capture samples with pine 




electrical conductivity of throughfall/direct capture sample means resulted in the same 
pattern as in the tank sample means, the forested samples were similar, and the open 
sample was distinct (Figure 7). 
 
Figure 9. The mean electrical conductivity (µS/cm) for all tank and throughfall/direct 
capture rainwater samples per canopy type in East Texas. The letters refer to Bonferroni 
comparison results, while the subscripts refer to the Bonferroni test groups. 
H+ and pH 
     The rainwater samples from the open tanks ranged in pH from 5.31 to 6.82, as 
opposed to the pine and hardwood tank samples, which had lows of 5.48 and 5.81 but 
highs of 6.78 and 6.89, respectively. The pine and hardwood throughfall samples had low 




capture samples, which had a low pH of 5.63 and a high of 6.87 in the sampled rainwater. 
The WHO does not have a standard for pH, but the EPA standard for drinking water is 
between 6.5 and 8.5, while the TCEQ specifies ≥7. The pine tank and throughfall capture 
samples were less than the EPA’s lower standard 81% and 93% of the time. The 
hardwood tank and throughfall samples failed to reach the EPA standard 67% and 65% of 
the time, while the open tank and direct capture samples failed 91% and 90% of the time. 
No sample met the TCEQ guideline.  
     Data for pH was measured and recorded in pH units, but for statistical comparisons 
concentrations of H+ ions were analyzed. The tank samples for the pine, hardwood, and 
open roofs were tested for normality using the Shapiro-Wilkes test, and the null 
hypothesis that sample populations were normally distributed in regards to H+ ions was 
rejected for pine (p <0.0001), hardwood (p <0.0001), and open (p <0.0001). The Kruskal-
Wallis calculated p-value (<0.0001) was less than the alpha level (α = 0.05), so the null 
hypothesis that there were no statistically significant differences among population 
distributions of H+ ions from tank samples with pine canopy, hardwood canopy or no 
canopy was rejected. Bonferroni analysis on pH indicated that while pine-influenced tank 
samples were similar to open tank samples, the hardwood tank sample means were 
different. 
     The throughfall/direct capture samples for the pine, hardwood, and open areas were 
tested for normality using the Shapiro-Wilkes test, and the null hypothesis that sample 




0.0738), rejected for hardwood (p = 0.0001), and not rejected for open (p = 0.1315). The 
Kruskal-Wallis calculated p-value (0.0019) was less than the alpha level (α = 0.05), so 
the null hypothesis that there were no statistically significant differences among 
population distributions of H+ ions from throughfall/direct capture samples with pine 
canopy, hardwood canopy or no canopy was rejected. Bonferroni analysis on pH 
indicated that while tank and throughfall samples collected under the pine canopy were 
similar to open tank and direct capture samples, the hardwood tank and throughfall 







Figure 10. The mean pH (pH units) for all tank and throughfall/direct capture rainwater 
samples per canopy type in East Texas, along with EPA/TCEQ standards. The letters 
refer to Bonferroni comparison results, while the subscripts refer to the Bonferroni test 
groups (Bonferroni analyses performed on H+ mol/L). 
Apparent Color 
     The rainwater samples from the open tanks ranged in color from 0 to 58 Pt-Co, as 
opposed to the pine and hardwood tank samples, which both had lows of 0 but highs of 
238 and 367 Pt-Co, respectively. The pine and hardwood throughfall samples had low 
concentrations of 4 and 2 Pt-Co but had highs of 197 and 319 Pt-Co, as opposed to the 
open direct capture samples, which had a low value of 0 and a high of 115 Pt-Co in the 
sampled rainwater. The WHO does not have a standard for color, but the EPA secondary 




throughfall samples exceeded the standards 86% and 92% of the time. The hardwood 
tank and throughfall samples failed to reach the EPA standard 69% and 94% of the time, 
while the open tank and direct capture samples failed 6% and 21% of the time.  
     The tank samples for the pine, hardwood, and open roofs were tested for normality 
using the Shapiro-Wilkes test, and the null hypothesis that sample populations were 
normally distributed in regards to color was rejected for pine (p = 0.0005), hardwood (p 
<0.0001), and open (p <0.0001). The Kruskal-Wallis calculated p-value (<0.0001) was 
less than the alpha level (α = 0.05), so the null hypothesis that there were no statistically 
significant differences among population distributions of color from tank samples with 
pine canopy, hardwood canopy or no canopy was rejected. Bonferroni analysis on color 
indicated that while pine-influenced tank samples were similar to hardwood-influenced 
tank samples, the open tank sample mean was different. 
     The throughfall/direct capture samples for the pine, hardwood, and open areas were 
tested for normality using the Shapiro-Wilkes test, and the null hypothesis that sample 
populations were normally distributed in regards to color was not rejected for pine (p = 
0.3275) or hardwood (p = 0.5229), but was rejected for open (p <0.0001). The Kruskal-
Wallis calculated p-value (<0.0001) was less than the alpha level (α = 0.05), so the null 
hypothesis that there were no statistically significant differences among population 
distributions of color from throughfall/direct capture samples with pine canopy, 




while pine-influenced throughfall samples were similar to hardwood-influenced 
throughfall samples, the open direct capture sample mean was different (Figure 9). 
 
 
Figure 11. The mean color (Pt-Co) for all tank and throughfall/direct capture rainwater 
samples per canopy type in East Texas, along with EPA/TCEQ standards. The letters 
refer to Bonferroni comparison results, while the subscripts refer to the Bonferroni test 
groups. 
Turbidity 
     The rainwater samples from the open tanks ranged in turbidity from 0 to 48 FAU, as 
opposed to the pine and hardwood tank samples, which both had lows of 0 but highs of 




values of 1 and 0 FAU but had highs of 31 FAU and 28 FAU, as opposed to the open 
direct capture samples, which had a low value of 0 and a high of 11 FAU. The EPA does 
not have a standard for turbidity, but the WHO standard is 5 NTU and the TCEQ 
standard for drinking water is 1 NTU. Assuming that 1 FAU = 1 NTU, the following 
describes the comparison to legal standards: The pine tank and throughfall samples 
exceeded the WHO standard 70% and 78% of the time, and the TCEQ standard 88% and 
90% of the time. The hardwood tank and throughfall  samples exceeded the WHO 
guidelines 54% and 74% of the time, and the TCEQ standard 76% and 89% of the time. 
The open tank and direct capture  samples exceeded the WHO guideline 9% and 16% of 
the time, and the TCEQ standard 28% and 47% of the time.  
     The tank samples for the pine, hardwood, and open roofs were tested for normality 
using the Shapiro-Wilkes test, and the null hypothesis that sample populations were 
normally distributed in regards to turbidity was rejected for pine (p = 0.0246), hardwood 
(p = 0.0003), and open (p <0.0001). The Kruskal-Wallis calculated p-value (<0.0001) 
was less than the alpha level (α = 0.05), so the null hypothesis that there were no 
statistically significant differences among population distributions of turbidity from tank 
samples with pine canopy, hardwood canopy or no canopy was rejected. Bonferroni 
analysis on turbidity indicated that while pine-influenced tank samples were similar to 
hardwood-influenced tank samples, the open tank sample mean was dissimilar. 
     The throughfall/direct capture samples for the pine, hardwood, and open areas were 




populations were normally distributed in regards to turbidity was not rejected for pine (p 
= 0.0709) or hardwood (p = 0.5253), but was rejected for open (p = 0.0006). The 
Kruskal-Wallis calculated p-value (<0.0001) was less than the alpha level (α = 0.05), so 
the null hypothesis that there were no statistically significant differences among 
population distributions of turbidity from throughfall/direct capture samples with pine 
canopy, hardwood canopy or no canopy was rejected. Bonferroni analysis on turbidity 
indicated that while  throughfall samples collected under the pine canopy were similar to 
throughfall samples collected under the hardwood canopy, the open direct capture sample 






Figure 12. The mean turbidity (FAU) for all tank and throughfall/direct capture rainwater 
samples per canopy type in East Texas, along with EPA/TCEQ standards. The letters 




     Bacteria CFU numbers reported in this study are not exact counts, but estimates based 
on partial counts of small aliquots. The recommended 100 mL aliquot was too 
contaminated with materials for the whole quantity to pass through the small membrane 
with 0.45 micrometer pores, and also had too many bacteria CFUs to obtain counts for 
samples collected under canopy cover. Smaller and smaller aliquots were used until a 




and the amount of time available to process the samples in the lab. Eventually, 10 mL 
aliquots were settled on, as anything smaller than that resulted in the complete loss of 
detection of the E. coli bacteria. Any amount larger than 10 mL resulted in too many petri 
dishes that were confluent. Even so, the highest estimated count was ~106,000 CFU/100 




     The rainwater samples from the open tanks ranged in total coliforms from 50 
CFU/100 mL to TNTC, as opposed to the pine and hardwood tank samples, which had 
lows of 740 CFU/100 mL and 710 CFU/100 mL respectively, but also had highs of 
TNTC. The pine and hardwood throughfall samples had low values of 620 CFU/100 mL 
and 750 CFU/100 mL, and the high values were TNTC, as opposed to the open direct 
capture samples, which had a low value of 1,340 CFU/100 mL and a high of TNTC in the 
sampled rainwater. The EPA standard for total coliforms in drinking water is not more 
than 5% positive samples in a month, and the TCEQ standard is a not more than 5% in a 
month if more than 40 samples are collected, or zero CFU/100 mL of water. The WHO 
standard is zero CFU/100 mL of water. All samples exceeded drinking water guidelines 
100% of the time.  
     The tank samples for the pine, hardwood, and open roofs were tested for normality 




normally distributed in regards to total coliforms was rejected for pine (p <0.0001), 
hardwood (p <0.0001), and open (p <0.0001). The Kruskal-Wallis calculated p-value 
(<0.0001) was less than the alpha level (α = 0.05), so the null hypothesis that there were 
no statistically significant differences among population distributions of coliforms from 
tank samples with pine canopy, hardwood canopy or no canopy was rejected. Bonferroni 
analysis on total coliforms indicated that while tree-influenced tank samples were similar 
to each other, the open tank sample mean was distinct. 
      The throughfall/direct capture samples for the pine, hardwood, and open areas were 
tested for normality using the Shapiro-Wilkes test, and the null hypothesis that sample 
populations were normally distributed in regards to total coliforms was rejected for pine 
(p <0.0001), hardwood (p = 0.0003), and open (p = 0.0017). The Kruskal-Wallis 
calculated p-value (0.2387) was greater than the alpha level (α = 0.05), so the null 
hypothesis that there were no statistically significant differences among population 
distributions of coliforms from throughfall/direct capture samples with pine canopy, 






Figure 13. The mean total coliforms (CFU/100 mL) for all tank and throughfall/direct 
capture rainwater samples per canopy type in East Texas, along with EPA/TCEQ 
standards. The letters refer to Bonferroni comparison results, while the subscripts refer to 
the Bonferroni test groups. 
E. coli 
 
     The roof rainwater samples from the collection tanks in the open area ranged in E. coli 
from 0 to 40 CFU/100 mL, as opposed to the pine and hardwood tank samples, which had 
lows of 0 CFU/100 mL and 40 CFU/100 mL respectively, but also had highs of TNTC. 
The pine and hardwood throughfall samples had low values of 0 CFU/100 mL and 10 
CFU/100 mL, and the high values were TNTC, as opposed to the open direct capture 




the drinking water standard for E. coli at zero CFU/100 mL of water. Roof rainwater in 
pine and hardwood tanks exceeded this standards 92% and 100% of the time, 
respectively, while open tank samples exceeded standards 65% of the time. Pine and 
hardwood throughfall samples exceeded standards 89% and 100% of the time, while 
open direct capture samples exceeded standards 78% of the time. 
     The tank samples for the pine, hardwood, and open roofs were tested for normality 
using the Shapiro-Wilkes test, and the null hypothesis that sample populations were 
normally distributed in regards to E. coli was rejected for pine (p <0.0001), hardwood (p 
<0.0001), and open (p = 0.0003). The Kruskal-Wallis calculated p-value(<0.0001) was 
less than the alpha level (α = 0.05), so the null hypothesis that there were no statistically 
significant differences among population distributions of E. coli from tank samples with 
pine canopy, hardwood canopy or no canopy was rejected. Bonferroni analysis on E. coli 
in tank samples indicated that all three populations were significantly different from each 
other. 
      The throughfall/direct capture samples for the pine, hardwood, and open areas were 
tested for normality using the Shapiro-Wilkes test, and the null hypothesis that sample 
populations were normally distributed in regards to E. coli was rejected for pine (p 
<0.0001), hardwood (p = 0.0009), and open (p = 0.0012). The Kruskal-Wallis calculated 
p-value (0.1170) was greater than the alpha level (α = 0.05), so the null hypothesis that 




coli from throughfall/direct capture samples with pine canopy, hardwood canopy or no 
canopy was not rejected (Figure 12). 
 
 
Figure 14. The mean E. coli (CFU/100 mL) for all tank and throughfall/direct capture 
rainwater samples per canopy type in East Texas, along with EPA/TCEQ standards. The 










     As almost all water quality parameters were not normally distributed, the non-
parametric Kruskal-Wallis test was used to determine if the datasets (first-flush water, 
tank water) could be treated as one population (treatment effect 1 = treatment effect 2). In 
other words, the null hypothesis was that under a given type of canopy, there was no 
difference between roof-harvested rainwater quality collected from the first-flush tube or 
from the tank for a specific water quality parameter. Next, if the null hypothesis from the 
Kruskal-Wallis test was rejected, a Bonferroni comparison test was performed to 
determine which groups were significantly different between first-flush and tanks. 
Nitrate-N 
     The mean concentration of nitrate-N between pine, hardwood and open roof first-flush 
rainwater samples was approximately 1-2 times greater than in the collection tanks 
(Figure 13). The mean concentration of nitrate-N from the tank samples with pine 
overhang was 0.547 mg/L, while the first-flush sample mean concentration was 1.012 
mg/L. The mean concentration of nitrate-N from the tanks with hardwood overhang was 
0.354 mg/L, while the first-flush mean concentration was 0.446 mg/L. The mean 
concentration of nitrate-N from the tanks without overhang was 0.343 mg/L, while the 





Figure 15. The mean total nitrate (NO3-N) concentrations (mg/L) for all tank and first-
flush rainwater samples per canopy type in East Texas. The letters refer to Bonferroni 
comparison results, while the subscripts refer to the Bonferroni test groups. 
 
     For roof runoff collected under the pine canopy, the calculated Kruskal-Wallis p-value 
(0.0111) was less than the critical alpha level (α = 0.05), so the null hypothesis that there 
were no significant differences between mean nitrate-N concentrations in the first-flush 
diverters and roof runoff storage tanks samples was rejected. For samples collected below 
the hardwood canopy, the calculated p-value (0.5986) was greater than the critical alpha 
level (α = 0.05), so the null hypothesis was not rejected, indicating that differences in 




For samples without arboreal overhang, the calculated p-value (<0.0001) was less than 
the alpha level (α = 0.05), so the null hypothesis that there were no statistically significant 
differences between population distributions of nitrate-N from first-flush and tanks 
samples was rejected. The Bonferroni comparisons reflected this, with pine and open tank 
sample groups both differing from first-flush sample groups for nitrate-N concentration. 
Nitrite-N 
 
     The mean concentration of nitrite-N between pine and hardwood rainwater samples 
was approximately 3-20x greater than in the tanks, while the mean open roof first flush 
concentration was actually lower than the tank concentration (Figure 14). The mean 
concentration of nitrite-N from the tank samples with pine overhang was 0.019 mg/L, 
while the first-flush sample mean concentration was 0.065 mg/L. The mean concentration 
of nitrite-N from the tanks with hardwood overhang was 0.006 mg/L, while the first-flush 
mean concentration was 0.118 mg/L. The mean concentration of nitrite-N from the tanks 






Figure 16. The mean total nitrite (NO2-N) concentrations (mg/L) for all tank and first-
flush rainwater samples per canopy type in East Texas. The letters refer to Bonferroni 
comparison results, while the subscripts refer to the Bonferroni test groups. 
 
     For samples collected under the pine canopy, the Kruskal-Wallis calculated p-value 
(0.0966) was greater than the alpha level (α = 0.05), so the null hypothesis that there were 
no statistically significant differences between population distributions of nitrite-N from 
first-flush and tanks samples was not rejected. For samples collected under the pine 
canopy, the calculated p-value (0.0246) was less than the alpha level (α = 0.05), so the 
null hypothesis that there were no statistically significant differences between population 




without arboreal overhang, the calculated p-value (0.4845) was greater than the alpha 
level (α = 0.05), so the null hypothesis that there were no statistically significant 
differences between population distributions of nitrite-N from first-flush and tanks 
samples was not rejected. The Bonferroni comparisons reflected this, with hardwood tank 
sample groups differing from first-flush sample groups for NO2-N concentration. 
Electrical Conductivity 
 
     The mean electrical conductivity between pine, hardwood and open roof first-flush 
rainwater samples was approximately 3 times greater than in the tanks (Figure 15). The 
mean electrical conductivity from the tank samples with pine overhang was 23.208 
µS/cm, while the first-flush sample mean conductivity was 75.525 µS/cm. The mean 
conductivity from the tanks with hardwood overhang was 21.111 µS/cm, while the first-
flush mean conductivity was 64.729 µS/cm. The mean electrical conductivity from the 





Figure 17. The mean total electrical conductivity (µS/cm) for all tank and first-flush 
rainwater samples per canopy type in East Texas. The letters refer to Bonferroni 
comparison results, while the subscripts refer to the Bonferroni test groups. 
 
     For samples collected under the pine canopy, the Kruskal-Wallis calculated p-value 
(<0.0001) was less than the alpha level (α = 0.05), so the null hypothesis that there were 
no statistically significant differences between population distributions of electrical 
conductivity from first-flush and tanks samples was rejected. For samples collected under 
the hardwood canopy, the calculated p-value (<0.0001) was less than the alpha level (α = 
0.05), so the null hypothesis that there were no statistically significant differences 




samples was rejected. For samples without arboreal overhang, the calculated p-value 
(<0.0001) was less than the alpha level (α = 0.05), so the null hypothesis that there were 
no statistically significant differences between population distributions of electrical 
conductivity from first-flush and tanks samples was rejected. The Bonferroni 
comparisons reflected this, with all tank sample groups differing from first-flush sample 
groups for electrical conductivity. 
H+ and pH 
 
     Although the pH differences between tank and flush samples do not appear to vary 
much (Figure 16), the difference between H+ concentrations vary quite a bit between 
sample sources. The mean pH from the tank samples with pine overhang was 6.13, while 
the first-flush sample mean was 6.28. The mean pH from the tanks with hardwood 
overhang was 6.39, while the first-flush mean was 6.33. The mean pH from the tanks 





Figure 18. The mean pH for all tank and first-flush rainwater samples per canopy type in 
East Texas, along with EPA/TCEQ standards. The letters refer to Bonferroni comparison 
results, while the subscripts refer to the Bonferroni test groups. (Bonferroni analyses 
performed on H+ mol/L). 
 
     For samples collected under the pine canopy, the Kruskal-Wallis calculated p-value 
(0.0766) was greater than the alpha level (α = 0.05), so the null hypothesis that there were 
no statistically significant differences between population distributions of H+ mol/L from 
first-flush and tanks samples was not rejected. For samples collected under the hardwood 
canopy, the calculated p-value (0.6333) was greater than the alpha level (α = 0.05), so the 




distributions of H+ mol/L from first-flush and tanks samples was not rejected. For 
samples without arboreal overhang, the calculated p-value (<0.0001) was less than the 
alpha level (α = 0.05), so the null hypothesis that there were no statistically significant 
differences between population distributions of H+ mol/L from first-flush and tanks 
samples was rejected.  
Color 
 
     The mean color between pine, hardwood and open roof first-flush rainwater samples 
was approximately 2-11 times greater than in the tanks (Figure 17). The mean color from 
the tank samples with pine overhang was 74 Pt-Co, while the first-flush sample mean 
concentration was 175 Pt-Co. The mean color from the tanks with hardwood overhang 
was 91 Pt-Co, while the first-flush mean concentration was 275 Pt-Co. The mean color 
from the tanks without overhang was 3 Pt-Co, while the first-flush mean concentration 





Figure 19. The mean color for all tank and first-flush rainwater samples per canopy type 
in East Texas, along with EPA/TCEQ standards. The letters refer to Bonferroni 
comparison results, while the subscripts refer to the Bonferroni test groups. 
 
     For samples collected under the pine canopy, the Kruskal-Wallis calculated p-value 
(<0.0001) was less than the alpha level (α = 0.05), so the null hypothesis that there were 
no statistically significant differences between population distributions of color from 
first-flush and tanks samples was rejected. For samples collected under the pine canopy, 
the calculated p-value (<0.0001) was less than the alpha level (α = 0.05), so the null 
hypothesis that there were no statistically significant differences between population 




without arboreal overhang, the calculated p-value (0.0029) was less than the alpha level 
(α = 0.05), so the null hypothesis that there were no statistically significant differences 
between population distributions of color from first-flush and tanks samples was rejected. 
The Bonferroni comparisons reflected this, with all tank sample groups differing from 
first-flush sample groups for color. 
Turbidity 
 
     The mean turbidity between pine, hardwood and open roof first-flush rainwater 
samples was approximately 2-3 times greater than in the tanks (Figure 18). The mean 
turbidity from the tank samples with pine overhang was 9 FAU, while the first-flush 
sample mean concentration was 23 FAU. The mean turbidity from the tanks with 
hardwood overhang was 8 FAU, while the first-flush mean was 33 FAU. The mean 






Figure 20. The mean turbidity (FAU) for all tank and first-flush rainwater samples per 
canopy type in East Texas, along with EPA/TCEQ standards. The letters refer to 
Bonferroni comparison results, while the subscripts refer to the Bonferroni test groups. 
 
     For samples collected under the pine canopy, the Kruskal-Wallis calculated p-value 
(<0.0001) was less than the alpha level (α = 0.05), so the null hypothesis that there were 
no statistically significant differences between population distributions of turbidity from 
first-flush and tanks samples was rejected. For samples collected under the pine canopy, 
the calculated p-value (<0.0001) was less than the alpha level (α = 0.05), so the null 
hypothesis that there were no statistically significant differences between population 




without arboreal overhang, the calculated p-value (<0.0001) was less than the alpha level 
(α = 0.05), so the null hypothesis that there were no statistically significant differences 
between population distributions of turbidity from first-flush and tanks samples was 
rejected. The Bonferroni comparisons reflected this, with all tank sample groups differing 
from first-flush sample groups for turbidity. 
Total Coliforms 
 
     The mean total coliforms between pine, hardwood and open roof first-flush rainwater 
samples was approximately 1-3 times greater than in the tanks (Figure 19). The mean 
total coliforms from the tank samples with pine overhang was 9,074 CFU/100 mL, while 
the first-flush sample mean concentration was 9,277 CFU/100 mL. The mean total 
coliforms from the tanks with hardwood overhang was 8,179 CFU/100 mL, while the 
first-flush mean was 9,855 CFU/100 mL. The mean total coliforms from the tanks 
without overhang was 2,072 CFU/100 mL, while the first-flush mean was 5,965 CFU/100 
mL. In calculations, all values ≥10,000 CFU were reduced to 10,000 CFU, so less 





Figure 21. The mean total coliforms (CFU/100 mL) for all tank and first-flush rainwater 
samples per canopy type in East Texas, along with EPA/TCEQ standards. The letters 
refer to Bonferroni comparison results, while the subscripts refer to the Bonferroni test 
groups. 
 
     For samples collected under the pine canopy, the Kruskal-Wallis calculated p-value 
(0.3044) was greater than the alpha level (α = 0.05), so the null hypothesis that there were 
no statistically significant differences between population distributions of total coliforms 
from first-flush and tanks samples was not rejected. For samples collected under the 
hardwood canopy, the calculated p-value (0.0023) was less than the alpha level (α = 
0.05), so the null hypothesis that there were no statistically significant differences 




was rejected. For samples without arboreal overhang, the calculated p-value (0.0069) was 
less than the alpha level (α = 0.05), so the null hypothesis that there were no statistically 
significant differences between population distributions of total coliforms from first-flush 
and tanks samples was rejected. The Bonferroni comparisons reflected this pattern for 
total coliforms, with tank sample groups for open and hardwood differing from first-flush 




     The mean E. coli level between pine, hardwood and open roof first-flush rainwater 
samples was approximately 1-2 times greater than in the tanks (Figure 20). The mean E. 
coli level from the tank samples with pine overhang was 1,433 CFU/100 mL, while the 
first-flush sample mean concentration was 1,818 CFU/100 mL. The mean E. coli level 
from the tanks with hardwood overhang was 4,638 CFU/100 mL, while the first-flush 
mean was 9,691 CFU/100 mL. The mean E. coli level from the tanks without overhang 
was 12 CFU/100 mL, while the first-flush mean was 11 CFU/100 mL. In calculations, all 
values ≥10,000 CFU were reduced to 10,000 CFU, so less variation is visible in these 
means than was actually present. Therefore, difference between the tank and flush 
samples for the roofs with arboreal overhang was potentially greater, as 92% of 




12% of pine flush and 8% of pine tank samples were >10,000 CFU/100 mL. The open 
roof samples of both types were always <10,000 CFU/100 mL of collected rainwater.   
 
Figure 22. The mean E. coli level (CFU/100 mL) for all tank and first-flush rainwater 
samples per canopy type in East Texas, along with EPA/TCEQ standards. The letters 
refer to Bonferroni comparison results, while the subscripts refer to the Bonferroni test 
groups. 
 
     For samples collected from under the pine canopy, the Kruskal-Wallis calculated p-
value (0.1639) was greater than the alpha level (α = 0.05), so the null hypothesis that 
there were no statistically significant differences between population distributions of E. 
coli from first-flush and tanks samples was not rejected. For roof rain water collected 




level (α = 0.05), so the null hypothesis that there were no statistically significant 
differences between population distributions of E. coli from first-flush and tanks samples 
was rejected. For samples without arboreal overhang, the calculated p-value (0.2493) was 
greater than the alpha level (α = 0.05), so the null hypothesis that there were no 
statistically significant differences between population distributions of E. coli from first-
flush and tanks samples was not rejected. The Bonferroni comparisons reflected this 
pattern for E. coli levels, with tank sample groups for open and pine not differing from 




     The seasonal effects were defined by separating data into sets by seasons with 
September-November being fall, December-February classified as winter, March-May 
was spring, and June-August was summer. As not all populations were normally 
distributed, the non-parametric Kruskal-Wallis test was used to determine if the datasets 
(harvested rainwater collected in fall, winter, spring, and summer) could be treated as one 
population (treatment effect 1 = treatment effect 2 = treatment effect 3 = treatment effect 
4). In other words, the null hypothesis was that under a given type of canopy, there was 
no difference among roof-harvested rainwater collected during fall, winter, spring or 




Wallis test was rejected, bonferroni comparison tests were performed to determine which 




     The seasonal mean concentrations of nitrate-N tank rainwater only varied for the pine-
influenced samples (Figure 21). For samples collected under the pine canopy, the 
Kruskal-Wallis calculated p-value (0.0228) was less than the alpha level (α = 0.05), so 
the null hypothesis that there were no statistically significant differences among 
population distributions of nitrate-N from different season tank samples was rejected. For 
samples collected under the hardwood canopy, the calculated p-value (0.0490) was less 
than the alpha level (α = 0.05), so the null hypothesis that there were no statistically 
significant differences among population distributions of nitrate-N from different season 
tank samples was rejected. For samples without arboreal overhang, the calculated p-value 
(0.0840) was greater than the alpha level (α = 0.05), so the null hypothesis that there were 
no statistically significant differences among population distributions of nitrate-N from 
different season tank samples was not rejected. 
     The Bonferroni method test confirmed these results, with no differences detected 
among open roof rainwater sample populations collected during different seasons, or 




sample population means were significantly different from eachother, but both were 
similar to the fall and winter means. 
 
Figure 23. The mean nitrate (NO3-N)  concentrations (mg/L) for tank rainwater samples 
per canopy type and season in East Texas, along with EPA/TCEQ standards. The letters 





     The seasonal mean concentrations of nitrite-N again only varied in the pine roof tank 
samples (Figure 22). For samples collected under the pine canopy, the Kruskal-Wallis 
calculated p-value (0.0031) was less than the alpha level (α = 0.05), so the null 
hypothesis that there were no statistically significant differences among population 




collected under the hardwood canopy, the calculated p-value (0.0583) was greater than 
the alpha level (α = 0.05), so the null hypothesis that there were no statistically significant 
differences among population distributions of nitrite-N from different season tank 
samples was not rejected. For samples without arboreal overhang, the calculated p-value  
(0.7261) was greater than the alpha level (α = 0.05), so the null hypothesis that there were 
no statistically significant differences among population distributions of nitrite-N from 
different season tank samples was not rejected. 
     The Bonferroni method test confirmed these results, with no differences detected 
among open roof rainwater sample populations collected during different seasons, or 
from among the hardwood sample population means. The only pine sample population 






Figure 24. The mean nitrite (NO2-N)  concentrations (mg/L) for tank rainwater samples 
per canopy type and season in East Texas, along with EPA/TCEQ standards. The letters 





     The seasonal mean concentrations of electrical conductivity for pine, hardwood and 
open roof tank rainwater samples varied greatly within cover types (Figure 23). For 
samples collected under the pine canopy, the Kruskal-Wallis calculated p-value (0.0004) 
was less than the alpha level (α = 0.05), so the null hypothesis that there were no 
statistically significant differences among population distributions of electrical 




under the hardwood canopy, the calculated p-value (<0.0001) was less than the alpha 
level (α = 0.05), so the null hypothesis that there were no statistically significant 
differences among population distributions of electrical conductivity from different 
season tank samples was rejected. For samples without arboreal overhang, the calculated 
p-value (0.0031) was less than the alpha level (α = 0.05), so the null hypothesis that there 
were no statistically significant differences among population distributions of electrical 
conductivity from different season tank samples was rejected. 
     The Bonferroni method test confirmed these results, with no differences detected 
among the pine fall, winter, and spring population samples. The hardwood roof rainwater 
sample population means for fall and spring were the similar but distinct from the winter 
and summer means, while open sample population means for spring and summer were 






Figure 25. The mean total electrical conductivity concentrations (mg/L) for tank 
rainwater samples per canopy type and season in East Texas. The letters refer to 
Bonferroni comparison results, while the subscripts refer to the Bonferroni test groups. 
 
pH as H+ ions 
 
     The seasonal mean pH for fall, winter, spring and summer tank rainwater samples was 
typically highest for hardwood roof tank samples of rainwater (Figure 24). For samples 
collected under the pine canopy, the Kruskal-Wallis calculated p-value (0.0037) was less 
than the alpha level (α = 0.05), so the null hypothesis that there were no statistically 
significant differences among population distributions of H+ concentrations from 
different season tank samples was rejected. For samples collected under the hardwood 




null hypothesis that there were no statistically significant differences among population 
distributions of H+ concentrations from different season tank samples was not rejected. 
For samples without arboreal overhang, the calculated p-value (0.0581) was greater than 
the alpha level (α = 0.05), so the null hypothesis that there were no statistically significant 
differences among population distributions of H+ concentrations from different season 
tank samples was not rejected. 
     The Bonferroni method test confirmed these results, with no differences detected 
among open roof rainwater sample populations collected during different seasons, or for 
the hardwood sample populations. The pine sample population means were similar for 







Figure 26. The mean pH (pH units) for tank rainwater samples per canopy type and 
season in East Texas, along with EPA/TCEQ standards. The letters refer to Bonferroni 
comparison results, while the subscripts refer to the Bonferroni test groups. (Bonferroni 




     The seasonal mean color among fall, winter, spring, and summer roof-harvested 
rainwater samples was consistently least in open roofs (Figure 25). For samples collected 
under the pine canopy the Kruskal-Wallis calculated p-value (0.0306) was less than the 
alpha level (α = 0.05), so the null hypothesis that there were no statistically significant 
differences among population distributions of color from different season tank samples 
was rejected. For samples collected under the hardwood canopy, the calculated p-value 




no statistically significant differences among population distributions of color from 
different season tank samples was rejected. For samples without arboreal overhang, the 
calculated p-value (0.2264) was greater than the alpha level (α = 0.05), so the null 
hypothesis that there were no statistically significant differences among population 
distributions of color from different season tank samples was not rejected. 
     The Bonferroni method test confirmed these results, with no differences detected 
among open roof rainwater sample populations collected during different seasons. The 
hardwood roof rainwater sample population means for fall was similar to both spring and 
summer, which were distinct, and they were all different from the winter mean. The pine 
sample population means were distinct between winter and spring, but those means were 






Figure 27. The mean color (Pt-Co) for tank rainwater samples per canopy type and 
season in East Texas, along with EPA/TCEQ standards. The letters refer to Bonferroni 




     The seasonal mean turbidity for pine, hardwood and open roof tank rainwater samples 
was highest in the fall and spring for throughfall, roof-harvested rainwater while open sky 
roof-harvested rainwater did not vary much (Figure 26). For samples collected under the 
pine canopy, the Kruskal-Wallis calculated p-value (<0.0001) was less than the alpha 
level (α = 0.05), so the null hypothesis that there were no statistically significant 
differences among population distributions of color from different season tank samples 
was rejected. For samples collected under the hardwood canopy, the calculated p-value 




no statistically significant differences among population distributions of color from 
different season tank samples was rejected. For samples without arboreal overhang, the 
calculated p-value (0.5714) was greater than the alpha level (α = 0.05), so the null 
hypothesis that there were no statistically significant differences among population 
distributions of color from different season tank samples was not rejected. 
     The Bonferroni method test confirmed these results, with no differences detected 
among open roof rainwater sample populations collected during different seasons. The 
hardwood roof rainwater sample population means for fall and spring were the similar 
but differed from the winter and summer means, while pine sample population means 






Figure 28. The mean turbidity (FAU) for tank rainwater samples per canopy type and 
season in East Texas, along with EPA/TCEQ standards. The letters refer to Bonferroni 




     The seasonal mean total coliform concentrations for pine, hardwood and open roof 
tank rainwater samples were highest in the fall and spring for roofs with a canopy, but 
there was no significant difference among open roof-harvested rainwater harvested 
during different seasons (Figure 27).  For samples collected under the pine canopy, the 
Kruskal-Wallis calculated p-value (0.0269) was less than the alpha level (α = 0.05), so 
the null hypothesis that there were no statistically significant differences among 
population distributions of total coliforms from different season tank samples was 




(0.0002) was less than the alpha level (α = 0.05), so the null hypothesis that there were no 
statistically significant differences among population distributions of total coliforms from 
different season tank samples was rejected. For samples without arboreal overhang, the 
calculated p-value (0.4908) was greater than the alpha level (α = 0.05), so the null 
hypothesis that there were no statistically significant differences among population 
distributions of total coliforms from different season tank samples was not rejected.  
     The Bonferroni method test confirmed these results, with no differences detected 
among open roof rainwater sample populations collected during different seasons. The 
hardwood roof rainwater sample population means for fall and spring were the similar 
but differed from the winter mean, while pine sample population means for fall and 






Figure 29. The mean total coliforms (CFU/100 mL) for tank rainwater samples per 
canopy type and season in East Texas, along with EPA/TCEQ standards. The letters refer 




     The mean E. coli concentrations for pine, hardwood and open roof tank rainwater 
samples varied within cover type (Figure 28).  For samples collected under the pine 
canopy, the Kruskal-Wallis calculated p-value (0.1335) was greater than the alpha level 
(α = 0.05), so the null hypothesis that there were no statistically significant differences 
among population distributions of E. coli from different season tank samples was not 
rejected. For samples collected under the hardwood canopy, the calculated p-value 




statistically significant differences among population distributions of E. coli from 
different season tank samples was rejected. For samples without arboreal overhang, the 
calculated p-value (0.7846) was greater than the alpha level (α = 0.05), so the null 
hypothesis that there were no statistically significant differences among population 
distributions of E. coli from tank samples in different seasons was not rejected. 
    The Bonferroni method comparison confirmed these results. Seasonal means from tank 
samples collected from under hardwood canopy for fall and spring were grouped together 
while the winter mean was distinct. 
 
Figure 30. The mean E. coli (CFU/100 mL) for tank rainwater samples per canopy type 
and season in East Texas, along with EPA/TCEQ standards. The letters refer to 








     In this study of experimental roof-harvested rainwater in East Texas, the water quality 
of the captured rainfall varied by tree canopy cover and by parameter. While the nitrate-N 
and nitrite-N levels were below legal drinking water standards, the pH, color, turbidity, 
total coliforms, and E. coli were generally beyond legal limits, although the open roof-
harvested rainwater had mean color and turbidity levels that were significantly lower than 
the canopied roof-harvested rainwater. Significant differences among water quality 
parameters were found between cover types for all analyzed parameters except nitrate-N 
and nitrite-N. First-flush diverters significantly improved water quality for 67% of the 
parameters. Seasonal effects were documented for seven of eight parameters in the pine 
roof-harvested rainwater, five out of eight for the hardwood roof-harvested rainwater, and 
in only one of the direct roof-harvested rainwater. Variation in water quality that occurred 
throughout the study that may be attributable to the number of days since last significant 
precipitation, interception storage capacity of the trees, PAI/LAI, amount of debris on the 
roofs, variations in storm characteristics, presence or absence of cattle in the field, and 
controlled burning that was performed on-site and off-site. As this study was performed 
in-situ, there were many contributing factors that could not be controlled, and others that 




variables including days since last significant precipitation, litter/debris cover, amount of 
rainfall, and weather at time of sampling are noted on Table 5.  
Comparison to Drinking Water Quality Standards 
pH 
     As would be expected, the ambient rainwater was slightly acidic and was therefore 
below the TCEQ drinking water standard of ≥ 7, 100% of the time and below the EPA 
drinking water standard of 6.5 – 8.5, 90% of the time. Rainfall pH was slightly lower than 
in the previous nearby study by Chang et al. (2004), wherein samples were below a pH of 
at least 6.5, 83% of the time. However, the lowest value reported by Chang et al. (2004) 
was 4.20, whereas the lowest value observed in this study was 5.63 for rainwater. This 
value is similar to what would result from natural carbon dioxide reactions within the 
atmosphere (Nance 2004). A more recent study in Central Texas reported a single 
sampling of rainfall having a pH of 5.69 (Carleton 2013). Another 3-sample study in 
Central Texas had a mean pH of 6.1 (Mendez et al. 2010). This was the closest rainwater 
pH to the current study, which had a mean of 6.09. 
     The 185 tank samples for all cover types of roof-harvested rainwater were below the 
TCEQ pH standard 100% of the time. Roof harvested rainwater samples were also below 
the EPA drinking water pH standard 81%, 67%, and 91% of the time for pine, hardwood, 
and open roof-harvested rainwater. These values are higher than in the previous nearby 




collection systems were below a pH of ≥ 6.5, 62% of the time. Both studies reported 
generally acidic harvested water, but the mean from this study’s open roof-harvested 
rainwater was 6.06 as opposed to the Chang et al. (2004) study with a mean of 6.59 for 
rainwater collected from metal roofing. A study in Central Texas of residential harvested 
rainwater reported that 63% of samples were below the lower limit of 6.5 (Carleton 
2013). Interestingly, studied roof-harvested rainwater in Austin did have an average 
inside the 6.5-8.5 USEPA secondary range, after first-flush water was diverted (Mendez 
et al. 2010).  
Nitrates-N  and Nitrite-N 
     The nitrate-N  and nitrite-N levels in the direct rainwater were well within the 
drinking water standards of 10 mg/L nitrate-N and 1 mg/L nitrite-N. The most nitrate-N 
that reported was 1.227 mg/L and no nitrite-N was detected at all in the rainwater. 
Central Texas rainwater levels of nitrate-N and nitrite-N have also been reported as well 
under the maximum standards for drinking water (Carleton 2013). 
     All 185 tank samples from all cover types tested during this study were in compliance 
with the legal standards for nitrate-N (10 mg/L) and nitrite-N (1 mg/L). In Central Texas, 
both experimental and residential studies of roof-harvested rainwater report compliance 
100% of the time (Carleton 2013; Mendez et al. 2010). Nitrate-N and nitrite-N levels in 
rainwater harvested from similar roof types have also been consistently low enough to 
meet the TCEQ and EPA standard in Australia and Nigeria as well (Efe 2006; Evans et al 




Color and Turbidity 
     In regard to color and turbidity, the direct rainwater was above the TCEQ drinking 
water standards of 15 CU and 1 NTU 21% and 47% of the time. The open roof-harvested 
rainwater violated drinking water standards 6% and 28% of the time. However, pine and 
hardwood roof-harvested rainwater exceeded the standard for color 86% and 69% of the 
time, and exceeded standards for turbidity 88% and 76% of the time. The closest Texas 
study that reported turbidity in harvested rainwater from metal roofs was in Central Texas 
and reported springtime turbidity over the legal limit (Mendez et al. 2010). Studies from 
regions further off, such as in Canada, Brazil, Australia and Nigeria also present roof-
harvested rainwater data from metal roofs, that are typically above the 1 NTU standard, 
but below the 15 CU or Pt-Co color standard (Despins et al. 2009; Alves et al. 2014; Efe 
2006; Kus et al. 2010).  
Total Coliforms and E. coli 
     Bacteria levels found in the ambient rainwater were surprisingly high, particularly for 
the samples collected from under the forest canopies. The drinking water standard for 
both total coliforms and for E. coli is 0 CFU/100 mL of water. Every rainwater sample 
failed to meet this standard for total coliforms and 66% of samples failed to meet this 
standard for E. coli. 
     Bacteria levels found in the open roof-harvested rainwater were high, but much lower 
than in the canopied roof rainwater. Every sample for each cover type failed to meet the 




rainwater has been measured at 100% failure for total coliforms regardless of tree cover 
(Carlton 2013; Mendez et al. 2010). During a short study, ambient rainwater in Austin 
has also been found to consistently violate the total coliform drinking water standard 
(Mendez et al. 2010). In Canada, rainwater harvested from metal roofs without first-flush 
systems, with trees on the property, had a mean failure rate for total coliforms of 55% of 
samples (Despins et al. 2009). Given the arrangement of the site, that is a relatively low 
rate compared to this study, probably resulting from the colder climate. 
     For E. coli, open roof-harvested rainwater tank samples violated drinking water 
standards at a rate of 65%, as well as 92% of pine roof-harvested tank samples, and 100% 
of hardwood roof-harvested tank samples. This pattern of divergence at tree cover is 
continued in Central Texas, with roofs with overhang resulting in a failure rate of 43%, 
but roofs without overhang only failing 11% of the time (Carleton 2013). The greater 
failure rate of the East Texas study as opposed to the Central Texas study could be due to 
the location of the study sites. This study was performed in a forest and in a pasture, 
while the other study was performed at residences and inside city limits, and so would 
have less animal activity and thus less defecation on or near the roof surfaces. This is 
supported by a three site comparison in which two rural residences with trees had 
approximately double the failure rate as compared to an urban residence with trees 






     The pine and open roof rainwater sample pHs were similar for the year, but hardwood 
roof rainwater sample pHs were significantly different. The hardwood roof rainwater 
year-average was ~0.3 pH units higher than the other two groups. The differences 
between the effects of canopy type were consistent with other studies that reported the pH 
of conifer throughfall as lower than that of deciduous species’ throughfall (Brown and 
Iles 1991; Silva and Rodríguez 2001; Robertson et al. 2000). The greater buffering by the 
hardwood forest canopy is likely due to having more exchange sites in broadleaved 
species, which allows for cation leaching to occur (Cappellato et al. 1993; González-
Arias 2006). In northeastern Mexico, studied throughfall was reported with only 0.14 
higher pH in oak throughfall over pine, although the ambient precipitation was higher 
than either of those by about 0.3 pH units, at 6.59 (Silva and Rodríguez 2001). In 
Mexico, both oak and pine throughfall pH levels were more acidic than the gross 
precipitation, with pine being the most acidic. On the other hand, in northern Spain, oak 
canopies have also been reported to decrease the acidity of throughfall, while pine 
canopies had mixed effects (González -Arias et al. 2006). That conclusion is closer to the 
pattern seen in this study where hardwood roof-captured throughfall was different, but 
pine roof-captured throughfall was not different from ambient rainwater. The difference 
in findings here could be due to regional differences in environmental chemistry or 




Nitrate-N  and Nitrite-N 
     For both nitrate-N  and nitrite-N  levels, there were no statistical differences among 
the rainwater samples for roof harvested rainwater from under pine, hardwood, or open 
sky (Figures 14 and 15). However, other studies have reported significant enrichment of 
throughfall over bulk precipitation for multiple species and locations (Gonzales-Arias 
2006). Enrichment of harvested rainfall over ambient rainwater has also been reported for 
roof-harvested rainwater without overhang (Mendez et al. 2010).  
     Other researchers have also described significant differences among tree species. 
Robertson et al. (2000) described differing nitrate concentrations between species’ 
throughfall due to differences in species’ nitrification rates (specifically alder trees) and 
differences in C:N ratios. According to Chauvet (1997) the C:N ratio of oaks and conifers 
is about 60:1 and 75:1, respectively, while alder has a ratio of about 20:1. It may be that 
the difference of 15:1 is not enough of a disparity for oak and pine roof-harvested 
throughfall to have significant differences in enrichment. 
     The lack of differences between tank samples, whether from forested roofs or not, 
would indicate that the concentrations within the storm events were more significant than 
the differences between species in this case. This is supported by the fact that during this 
study, NO2-N was not detected in 79-90% of tank samples, and NO3-N was not detected 
in 13-23% of tank samples. As for the similarities within a storm event, in a binary 
comparison between detection and non-detection, 100% of NO3-N tests had matching 




that may contribute include the quantity of rainfall and the quantity of dry days preceding 
the storm event (Evans et al. 2006; Mendez et al. 2010), as well as wind direction. The 
wind direction obviously would correlate to potential sources of nitrate located in the 
direction from which the wind originated, as proximity to farming operations, especially 
Concentrated Animal Feeding Operations (CAFOs), and coastlines have been considered 
as potential sources of nitrate (Carleton 2013; Wilbers et al. 2013). 
Electrical Conductivity 
     Samples did not differ between the two forest cover types for EC, but the open sky 
roof harvested rainwater was significantly lower (Figure 16). Contact with roof material 
may not necessarily change the conductivity of rainwater, as the rate of leaching for 
ionizing solids is slow. In a harvested rainwater study conducted on galvanized roofing 
sheets, roof-harvested rainwater did not differ significantly from the control, which had 
no roof contact (Abegunrin et al. 2014). The year-means of electrical conductivity from 
this study actually were higher in the throughfall and direct capture samples than in the 
roof-harvested rainwater in the tanks by 1.25 times to 1.8 times. While tree species can 
have an effect, differences in local air quality factors also have to be accounted for. 
Sampled pine and oak throughfalls at different locations have been known to have the 
similar EC to gross precipitation, as well as to be significantly higher than ambient 
rainfall (Silva and Rodriguez 2001). The canopy above a roof provides a deposition 
surface for contaminants which are then flushed onto the roofs with the rainfall. The 




onto the roof catchment (Pryor and Barthelmie 2005, Bäumler and Zech 1997). Pine has 
also been known to double the conductivity of throughfall over ambient rainwater, while 
hardwoods only slightly increased the parameter (Eisalou et al. 2013).  
Color and Turbidity 
     The samples did not differ between the two forest cover types’ roof harvested 
rainwater color and turbidity, but the open sky roof harvested rainwater samples were 
significantly clearer. Martin et al. 2010 observed discoloration of roof-harvested 
rainwater that had been in contact with leaf matter in the gutter system and as such had 
increased organic tannins as opposed to other sources. Despins et al. (2009) noted 
significantly higher turbidity in their site that had mature tree overhang, although that 
particular site did not have a first flush system. That site had the highest color and 
turbidity levels recorded in the study. Other researchers who noted tree overhang in roof-
harvested rainwater research did not observe significant differences in post-flush turbidity 
(Mendez et al. 2010). However, the lack of difference could be attributed to other factors 
such as geographic disparity. At 3 Pt-Co, the mean apparent color from tanks without 
overhang was comparable to values recorded in other locations such as Brazil (6 Pt-Co), 
but lower than that recorded in France (18 Pt-Co) (Alves et al. 2014, Vialle et al. 2011). 
Total Coliforms and E. coli 
     The direct rainfall total coliform mean and median were 6,861 and 10,000 CFUs/100 




mL, respectively. The E. coli mean levels reflected this ~75% decrease, with the direct 
rainfall mean being 25 CFU/100 mL, and the open roof-harvested rainwater mean being 6 
CFU/100 mL. The medians of the two groups were 3 CFU/100 mL of E. coli in roof-
harvested rainwater and 6 CFU/100 mL in direct precipitation. To provide a reasonable 
explanation for the large difference in bacteria levels in direct rainfall versus roof-
harvested rainfall would require follow-up research. 
     The two forested roof rainwater sample groups did not significantly differ in total 
coliforms, possibly due to having no differences in avifaunal activity, and so many of the 
high counts being reduced to 10,000 CFU/100 mL for statistical analysis. For samples 
collected under the pine canopy, that was 81% of the total coliform counts, 70% of the 
hardwood roof rainwater sample counts, and 6 % of the open sky roof rainwater sample 
counts. With the high percentages of counts that were reduced to the same number, it is 
likely that the differences among total coliform levels per cover type were masked. For E. 
coli counts, the percentages that were reduced to 10,000 CFU/100 mL were 12%, 38%, 
and 0%, respectively, for pine, hardwood, and open roof rainwater samples. The highest 
total coliform count in previous studies that included bacteria counts from rainwater 
collected from metal roofs had a high value of 15,700 CFU/100 mL (Abegunrin et al. 
2014). Of note, overhanging vegetation is not mentioned in that particular study. The 
high counts for the forest catchment systems is likely due to the tree overhang allowing 
animals such as birds, racoons, and squirrels to deposit feces directly onto the roof, while 




atmospheric deposition from animals such as cattle and wild hogs (Carleton 2013; Evans 
et al. 2006; Lye 2002). Additionally, the lack of overhang blocking sunshine on the open 
roofs would allow the metal to reach higher temperatures with greater exposure to 
ultraviolet solar radiation, thus potentially reducing bacterial survival and growth (Lee et 
al. 2012; Mendez et al. 2010; Yaziz et al. 1989). Another Texas roof harvested rainwater 
study quantified the difference in coliforms between roofs with and without tree overhang 
and found an increase in fecal coliforms from the roofs with overhang, but a decrease in 
total coliforms (Mendez et al. 2010).  
First-Flush Efficiency 
 
     This study examined the effect of flushing off the first 0.226 cm of rainwater collected 
from roofs both under trees and open sky. The recommendation of the TWDB is ~0.041 
cm (TWDB, 2005), and the producer of the first-flush diverter used in this study suggests 
the first 0.204 cm of rainwater be diverted on a roof with “substantial pollution” 
including leaves, debris, bird droppings, et cetera (Rainharvest, 2016). 
pH 
     Significantly greater pH after first-flush was only measured for the open roof-
harvested rainwater. This could be due to the accumulation of detritus on the forested 
roofs relative to the volume of water flushed. The materials on the roof would continue to 
contribute to the collecting rainwater from the forest roofs, while the open roofs never 




relatively quickly. The year-mean pH for the first-flush water is higher than the tank 
water in the samples that did not have canopy cover. Mendez et al. (2010) and Lee et al. 
(2012) also reported that the collected first-flush water in their study had a higher pH 
than the post-flush tank water. Bird feces vary in pH from 4.5-7.5, and so could 
potentially contribute to the pH of the first flush in either direction (Pawar et al. 2018). 
Approximately 650 feet south of the open roof site was a county road of caliche that has 
over a dozen residences on it, and so receives frequent traffic, which allows for caliche 
dust to become airborne and possibly settle on the roofs. Deposition of caliche dust 
would be greater on the open roofs both because they were closer to the road but also 
because they were not protected from that kind of deposition by the tree canopy. Being a 
calcium carbonate formation, caliche would contribute to a higher pH in the collected 
water (Zhou and Chafetz, 2009). However, it was noted in an Australian study, that in 
one site where tank water and first-flush rainwater were compared, the first-flush water 
was more acidic (Kus et al. 2010a), but the effect of the first flush brought the pH up to 
legal levels for drinking water.  
Nitrate-N and Nitrite-N 
     Nitrate-N was significantly different for pine (two times higher in flush) and open 
(two times higher in flush), but not statistically different for the hardwood canopy. 
However, only the samples collected under the hardwood canopy had a significant 
difference in nitrate-N between tank and flush samples.  The flush nitrite-N year-mean 




     These results were only partly comparable to another Texas study, in which it was 
noted that nitrate was approximately two times higher in the first-flush harvested 
rainwater as opposed to the post-flush tank water, and the nitrite was about 12 times 
higher (Mendez et al. 2010), although those roofs did not have any overhanging 
vegetation. The significant difference contributed by first-flush is more obvious in a 
South Korean study, wherein the first flush had 140 times the nitrate (NO3) of the tank 
water, while both were within regulatory limits (Lee et al. 2012). In contrast, one 
Australian study reported that the harvested rainwater in the tank had nitrate 
concentrations which were comparable to that of the rainfall, but much higher than that in 
the first flush (Kus et al. 2010a). Nitrites recorded in that study were low, decreasing in 
the order of rainfall > first-flush > tank, and all well within drinking water standards. 
Electrical Conductivity 
     The difference in electrical conductivity between first-flush and tank water in this 
study was similar previous research. All roof overhang types had a three fold difference 
with first-flush having a higher conductivity. An Australian study recorded flush at the 
equivalent rate as this study caused a 4.4 times difference (Kus et al. 2010a); however, in 
another study the same researchers noted electrical conductivity that was 3 times higher 
in the first-flush than in the tank (Kus et al. 2010b). Mendez et al. 2010 reported similar 





Color and Turbidity 
     All first-flush color and turbidity levels were significantly higher than their tank 
counterparts, but the rate of difference varied by cover type. Roofs with hardwood 
overhang had the highest color and had a three fold difference between first-flush and 
tank water, then pine were next, with a two fold difference, and last was no overhang, 
which, while significantly different, was not double the rate. In terms of turbidity, 
hardwood influenced harvested rainwater lead the way again, with a four fold difference, 
then pine had a three fold difference, and open had the smallest rate and only a two fold 
difference. Another Texas-based study reported a seven fold decrease in turbidity while 
flushing less water than the present study, but the values noted in that study were about 3 
times higher than in the present study (Mendez et al. 2010). Other researchers have 
reported values that were closer to those recorded in this study. For example, Kus et al. 
(2010a) observed a reduction in turbidity of about four fold when flushing similar 
amounts of water, and when a couple more millimeters were flushed, the levels dropped 
to within the drinking water standards. However these studies were performed in urban 
and suburban areas and so may have been subject to higher levels of aerosol and rainfall 
pollutant deposition on the roofs studied, or at least a different suite of pollutants. 
Total Coliforms and E. coli 
     The rate of effectiveness for first-flush diverters seems to be directly related to the 
starting level of coliforms in the water with a higher CFU value having a smaller percent 




was a statistically significant decrease in total coliform levels observed. The hardwood 
first-flush system reduced the mean tank total coliforms by 17%, while open sky first-
flush system achieved a 65% reduction. In a system that had much lower values for 
coliform concentrations, an approximately 50% decrease was observed with the use of 
first-flush (Mendez et al. 2010), and in a system with even lower concentrations of 
coliforms the rate of decrease was sufficient that about 83% of tank samples had no 
measurable coliforms (Lee et al. 2012).  For the pine sampling site, 92% of flush samples 
had over 10,000 CFU/100 mL, and 77% of tank samples had over 10,000 CFU/100 mL.  
So while there was a reduction in coliforms from the pine sites’ first flush systems, much 
of the difference between first-flush and tank was masked by the unquantifiably high 
values at the aliquot size required. Other researchers have recorded sites with a first-flush 
system on mean as having 2.5 times lower total coliforms than the sites without first-
flush systems (Alves et al. 2014). 
     Although most of the CFU counts were measurable for pine and open sky samples 
(92-88% for pine and 100% for open), only the hardwood sites had a statistical difference 
in E. coli concentration. About 92% of hardwood first-flush and 35% of hardwood tank 
samples had >10,000 CFU/100 mL, and there was 52% decrease in the mean E. coli 
concentrations. Other researchers have noted lower E. coli levels in general when using 
first-flush system, with some systems reducing concentrations to not measurable (Alves 




important for reducing the initial bacterial concentrations in roof-harvested rainwater, 
disinfection is still required before this water could be safe for human consumption. 
Seasonal Effects 
     The seasons as defined in this study were fall (Sep-Nov), winter (Dec-Feb), spring 
(Mar-May), and summer (Jun-Aug). Typically, the winter season has the highest rainfall, 
and the driest season is summer (U.S. Climate Data, 2020). Spring and fall are typically 
rather close to each other in precipitation, but are not very far below the winter season.  
pH 
     In this study, only the pine sampling site had seasonal differences in the pH of the 
roof-harvested rainwater. The pine samples from winter and spring were the most acidic, 
while summer samples’ pH were between the winter/spring and summer groups. This is 
similar to the reports from (Alves et al. 2014, Berger et al. 2008) wherein researchers 
noted that pH decreased with an increase in rainfall. Other researchers note increases of 
pH in the growing season (Hermann et al. 2006, Lichter et al 2000) and posit that foliar 
uptake of H+ influences the concentrations in both pine and deciduous throughfall. 
Nitrates-N  and Nitrite-N 
     Seasonal changes were only discernable for the pine-influenced samples in regard to 
nitrates-N and nitrite-N  in this study. Higher levels of nitrate-N were recorded in the 
spring than in the summer, but fall and winter did not vary much from either of the other 




during summer, thus it has been suggested that foliar uptake caused the summertime 
decrease (Lichter et al. 2000), however, other researcher records do not follow the same 
pattern (Robertson et al. 2000, Hermann et al. 2006). A Texas harvested rainwater study 
noted higher nitrate-N in May and June than in the earlier winter and spring sampling 
events and it was suggested that higher temperatures may have caused an increase in the 
activity levels of nitrifying bacteria processing nitrogen into nitrate in the rainwater tank 
(Carlton 2013). That same study (which did not study the effect of overhang) also noted 
that nitrite-N levels did not change in the Jan-Jun sampling period, as opposed to this 
study wherein nitrite-N peaked in winter and had the lowest levels in spring/summer but 
only for roof-harvested pine throughfall. 
Electrical Conductivity 
     In this study, electrical conductivity had a distinct seasonal pattern depending on 
coverage type. For pine, roof-harvested water EC was stable through fall, winter and 
spring, but dropped during the summertime. For hardwood, the season alternated, with 
fall and spring having higher conductivity and summer and winter having lower levels. 
For the roof-harvested rainwater without overhang, fall and winter were indistinct and 
blended with both spring and summer, but spring EC levels were higher than summer. 
Other roof-harvested rainwater research shows different seasonal patterns across 
locations and events as well as seasons even without the added factor of tree overhang 
(Carlton 2013, Alves et al. 2014, Martin et al. 2010, Sazakli et al. 2007). The seasonal 




leaching rates. Conductivity is commonly used to manage nutrient concentrations in 
fertilizers (Savvas & Adamidis 1999), and many researchers have noted differences in 
throughfall nutrient profiles that directly correlated to the tree species’ dormant and 
growing seasons (Bhat et al. 2011, Catriona et al. 2012, Pehl and Ray 1984, Pryor and 
Barthelmie 2005). 
Color and Turbidity 
     Seasonal changes did not alter the low color and turbidity levels in the open roof 
rainwater, but the two forest-influenced groups did exhibit seasonal alteration, each with 
a different pattern of change. Both pine and hardwood samples had the lowest color value 
in winter and the highest in summer. However, the order of decrease per season was 
slightly different, as: 
Pine color:  spring ≥ fall = summer ≥ winter 
Hardwood color:  spring ≥ fall ≥ summer > winter 
For turbidity, levels were again lowest in the wintertime, but for this constituent, they 
were highest in the fall. Again the patterns differed: 
Pine turbidity:   fall ≥ spring ≥ summer > winter 
Hardwood turbidity:   fall = spring > summer > winter 
In Brazil, Alves et al. (2014) posited that the primary factor influencing turbidity and 
color was precipitation, with the lowest levels they recorded at the end of their rainy 
season, which matches with the data in this study, but their highest levels were at the end 




the winter values in this study but not the summer values. However, if the fall were 
counted as the “end” of the rainy season the data from this study would align with their 
conclusion. The same pattern of inverse relationship of color and turbidity with 
precipitation level is recorded in Canada as well (Despins et al. 2009). It is likely the 
accumulation and degradation of leaves and other detritus contributed significantly. 
Total Coliforms and E. coli 
     Of the three seasons studied, neither total coliform nor E. coli levels underwent 
significant changes at the open roof-harvested rainwater study site. The pattern for both 
total coliforms and E. coli was the same for the hardwood site, but pine sites, while 
showing changes for total coliforms with season did not show any differences in E. coli. 
     For the forested sites, winter had the least total coliforms. but since the estimated 
counts of 81% and 70% of pine and hardwood sites were reduced to 10,000 CFU/100 
mL, there may have been greater differences in the actual populations than could be 
quantified with the methodology employed in this study. That said, the pattern of change 
as recorded were: 
Total coliforms 
Pine  fall ≥ spring ≥ winter (81% reduced to 10,000 CFU/100 mL) 
Hard  fall = spring > winter (70% reduced to 10,000 CFU/100 mL) 





The open sites’ pattern of no difference among seasons was more reliable, as only 6% of 
the estimated counts had to be reduced to 10,000 CFU/100 mL. 
E. coli 
Pine  fall = spring = winter (12% reduced to 10,000 CFU/100 mL) 
Hard  fall = spring > winter (38% reduced to 10,000 CFU/100 mL) 
Open  fall = spring = winter (none reduced to 10,000 CFU/100 mL) 
 
The general decrease of bacteria in the wintertime has been seen in other studies (Despins 
et al. 2009; Sazakli et al. 2007) and has been attributed to the decrease in temperature 
inhibiting the growth of bacteria inside the tanks or cisterns, as well as the decrease in the 
activity of wildlife decreasing the amount of feces on catchment surfaces. However, in 
Greece (Sazakli et al. 2007), it was recorded that the fall had the highest levels, 
increasing in spring and then summer as well, and peaking in the fall. The difference 
there is likely due to the relatively temperate climate and wildlife activity at the location 
in Greece as opposed to Nacogdoches, Texas. Other researchers posit that higher 
temperatures combined with decreased rainfall is what makes the greatest difference 
(Vialle et al. 2011). Alves et al. (2014) notes that the lowest concentrations of bacteria 
were at the end of the rainy season and highest at the end of the dry season, citing 
precipitation levels as the major factor in bacterial contamination of roof-harvested 
rainwater. Other researchers have concluded that weather is a more significant factor than 
animal activity, with wind direction and the seasonal change of wind direction having the 




     Given the emphasis on the relationship between precipitation depth and bacteria load, 
it is possible that canopy storage differences and differences per season are a part of the 
reason that the patterns of bacterial contamination differ among the sites. Some of the 
species-specific differences that would make a difference to throughfall depth include 
leaf size and shape, leaf area index (LAI), crown surface area and radius, canopy 
structure, and bark roughness, among others (Brown and Iles 1991; Cape et al. 1991; 
Carleton and Kavanagh 1990; Hamdan and Schmidt 2012; Hebert and Jack 1998; Le 
Dantec et al. 2000; Pryor and Barthelmie 2005; Voigt 1960). Most notable is the 
variation between conifers and broadleaf trees. Needles are better at capturing dry and 
occult deposition due to the more efficient trapping surface (Brown and Iles 1991; Pryor 















     This study examined roof-harvested rainwater quality resulting from differences in 
overhang tree species or lack of overhang tree canopy, how well the water quality 
measured compared to TCEQ, EPA, and WHO drinking water quality standards, the 
effects of seasonal changes, and the effectiveness of first-flush diverters under these 
conditions. 
     Several differences among water quality parameters by canopy type were observed. 
Of the eight analytes finally evaluated, six were significantly different between forest 
canopy types. Electrical conductivity, color, turbidity, and total coliforms were similar 
for the roof rainwater collected under pine and hardwood canopies and lower in the open 
roof-harvested rainwater, while pH was similar for pine and open roof-harvested 
rainwater, and higher for hardwood roof-harvested rainwater. Only the mean E. coli 
concentrations measured were significantly different for each type with hardwood (4,638 
CFU/100 mL) > pine (1,433 CFU/100 mL) > open (12 CFU/100 mL). 
     Likely, the total coliforms tended to follow this pattern as well, but a high number of 
concentrations were too numerous to count and so were reduced to 10,000 CFU/100 mL, 
thus only the open roof mean was significantly lower. Again, 81% of the tank samples 




canopy had total coliform concentrations so high that they had to be reduced. The 
concentrations observed here were higher than that reported in the literature reviewed, 
but no other study was examining the total coliform bacteria forested systems. More 
research is needed to adequately quantify the total coliforms and E. coli. However given 
the small size of the aliquots used in this study, it may be that total coliforms are simply 
not a suitable indicator if representative samples are to be collected. As sample size 
decreases, so does the precision of the final value, requiring more replicates to be 
collected per sample, which can become cost prohibitive.  Therefore, unless a better 
method could be used to estimate total coliforms, it may be that this bacteriological water 
quality indicator should be replaced with a more descriptive one in future studies. 
     In regard to drinking water standards, the ambient rainfall as well as the tank samples 
from open, pine, and hardwood covered roofs did not meet limits for pH, color, turbidity, 
total coliforms and E. coli. However, hardwood tree overhang resulted in slightly higher 
pH values, while color, turbidity, and coliforms were higher under both canopies.  Both 
nitrate-N  and nitrite-N  were within drinking water standards from all sources throughout 
the study. Five percent of households do not disinfect harvested rainwater (Carleton 
2013; Stump et al. 2012); however, given the E. coli and total coliform counts recorded 
in this study, it is necessary that all households using harvested rainwater for potable use 
have a disinfection component to the rainwater harvesting system. 
     First-flush diversion is a cost-effective way to significantly improve water quality, but 




collected under trees, it would be best to combine first-flush diverters with other filtering 
and disinfecting systems. Significant improvements were observed in water quality in 
four out eight analytes for pine, six out of eight for hardwood, and six out of eight for 
open roof tank samples as a result of first flush diversion. However, in the year-means, 
first-flush systems in this study only brought color in the open roof samples into 
compliance with drinking water standards.  
     The dynamic effects of the seasons depended on coverage type. Pine roof-harvested 
rainwater was most different among seasons, then hardwood roof-harvested rainwater to 
a lesser degree, but open roof-harvested rainwater was only different in electrical 
conductivity. While the changes of the seasons did bring certain analyte levels closer to 
compliance with drinking water quality standards, only color and turbidity were 
decreased to acceptable levels, with the color dropping into compliance for the 
hardwoods during the wintertime, and turbidity dropping to acceptable levels for the open 
roofs during the winter and spring. 
     Further studies exploring the use of other indicator species in in-situ rainwater 
harvesting systems with overhang need to be conducted, as well as studies gauging the 
effect of varying levels of first-flush quantity versus canopy density. Other potential 
studies include examining the effects of different aged trees, and of ornamental tree 




     Overall, rainwater harvesting, including harvesting from roofs with arboreal overhang, 
has significant potential to address some of the deficit between available water supply 
and demand projections for Texas. Rainwater harvesting is encouraged and incentivized 
in Texas for myriad uses, including agricultural, residential, and industrial use. The Texas 
Water Development Board is now recommending rainwater harvesting in the 2017 State 
Water Plan (TWDB, 2016). With the design of  appropriate first-flush diversion, filtration 
and, disinfection systems, rainwater has the potential be a good source of water for 
potable use in Texas
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Mean rainfall ~4 in/month and the record is 14 inches/month 
Highest in 2015 was <5 in/day 
 In 2013 daily rain exceeded 2 inches only twice, but significantly (SFA Observatory 
2017d) 
In 2014 daily rain exceeded 2 inches only four times, but only once significantly (SFA 
Observatory 2017c) 
Example using the equation recommended by TWDB (2005):  
(2 inches of rain) x (36 sq. ft. catchment) x (0.62 gal./inch rain/sq. ft.) x (0.90 collection efficiency) = 40.176 











First Flush Quantity 
 
Minimum first flush is 10 gallons per 1000 feet2 (TWDB, 2005) 
            1 gallon is 231 cubic inches, 10 gallons is 2310 cubic inches 
            1,000 feet2 = 144,000 inches2 
so 2,310in3/144,000 in2 = 0.016 inches diverted 
12 ft. x 3 ft. = 36 ft2 
36 ft2 = 5184 in2 
0.016 in rain depth x 5184 in2 catchment surface = 82.944 in3 volume = ~1.360 L diverted 
Diverter maker suggests 0.05 gal per square foot if expecting leaf debris, animal matter 
(Rainharvest, 2016):  
36 ft2 x 0.05 gal/ft2 = 1.8 gallons diverted = 6.81374 liters = 416 inches cubed 
416 cubic inches diverted/5184 inches area = 0.080245 inches depth = 0.204 cm 
 
To be safe, divert 2 gallons = 7.57 liters 
           = ~462 cubic inches 
 
462 cubic inches/5184 square inches =  0.089 inches diverted = 0.226 cm diverted 
6.81374 liters = 415.7999 cubic inches 
   
159 
 
Rainfall Event Qualification 
7 liters needed for first-flush minimum 
- 3 liters needed for first-flush testing (1 for bacteria, 1 for physiochemical lab, 1 
for error) 
3 liters needed for post-flush testing (1 for bacteria, 1 for physiochemical lab, 1 for error 
2 more liters for potential QA/QC testing 
7 liters first-flush + 5 liters post-flush = 12 liters + 1 for error room = 13 liters 
13 liters = 3.43424 gallons 
 
First-flush:  




(0.171 inches of rain) x (36 sq. ft. catchment) x (0.62 gal./inch rain/sq. ft.) x (0.90 collection efficiency) = 











Appendix B. Data 
 
Table B1. Total coliform bacteria (CFU/100 mL) from open site rainwater harvesting 
systems. 
Storm Event      Open 1      Open 2      Open 3 Open Capture 
 Flush Tank Flush Tank Flush Tank  
14 Oct 2016 -- -- -- -- -- -- TNTC 
18 Nov 2016 -- -- TNTC TNTC TNTC 968 TNTC 
24 Nov 2016 -- -- 102 117 TNTC 650 TNTC 
28 Nov 2016 -- -- -- -- TNTC 1,230 2,420 
04 Dec 2016 -- -- -- -- 8,324 2,543 8,787 
06 Dec 2016 -- -- 470 140 4,510 3,810 1,390 
17 Jan 2017 -- -- -- -- -- -- -- 
19 Jan 2017 -- -- -- -- -- -- -- 
06 Feb 2017 -- -- -- -- -- -- -- 
14 Feb 2017 430 100 160 170 7,280 50 1,340 
20 Feb 2017 -- -- -- -- -- -- -- 
05 Mar 2017 -- -- -- -- -- -- -- 
11 Apr 2017 11,700 130 22,360 3,300 45,070 300 19,070 
22 Apr 2017 -- -- -- -- -- -- -- 
12 May 2017 3,120 830 3,380 9,360 3,640 1,530 5,720 
21 May 2017 -- -- -- -- -- -- -- 
22 Jun 2017 -- -- -- -- -- -- -- 
27 Aug 2017 -- -- -- -- -- -- -- 
28 Aug 2017 -- -- -- -- -- -- -- 
29 Aug 2017 -- -- -- -- -- -- -- 
30 Aug 2017 -- -- -- -- -- -- -- 








Appendix B. (Continued) 
Table B2. Total coliform bacteria (CFU/100 mL) from pine site rainwater harvesting 
systems. 
Storm Event         Pine 1         Pine 2         Pine 3 Pine 
Throughfall 
 Flush Tank Flush Tank Flush Tank  
14 Oct 2016 -- -- TNTC TNTC TNTC TNTC TNTC 
18 Nov 2016 TNTC TNTC TNTC TNTC TNTC TNTC TNTC 
24 Nov 2016 TNTC TNTC TNTC TNTC TNTC TNTC TNTC 
28 Nov 2016 TNTC TNTC TNTC TNTC TNTC TNTC TNTC 
04 Dec 2016 91,520 9,473 10,633 5,780 7,846 12,013 19,647 
06 Dec 2016 37,090 25,310 18,720 5,890 41,250 14,210 15,250 
17 Jan 2017 -- -- -- -- -- -- -- 
19 Jan 2017 -- -- -- -- -- -- -- 
06 Feb 2017 -- -- -- -- -- -- -- 
14 Feb 2017 106,080 81,120 1,360 6,500 36,400 7,540 620 
20 Feb 2017 -- -- -- -- -- -- -- 
05 Mar 2017 -- -- -- -- -- -- -- 
11 Apr 2017 TNTC TNTC TNTC 48,880 TNTC TNTC 32,590 
22 Apr 2017 -- -- -- -- -- -- -- 
12 May 2017 26,780 10,660 2,000 740 29,380 TNTC 19,500 
21 May 2017 -- -- -- -- -- -- -- 
22 Jun 2017 -- -- -- -- -- -- -- 
27 Aug 2017 -- -- -- -- -- -- -- 
28 Aug 2017 -- -- -- -- -- -- -- 
29 Aug 2017 -- -- -- -- -- -- -- 
30 Aug 2017 -- -- -- -- -- -- -- 








Appendix B. (Continued) 
Table B3. Total coliform bacteria (CFU/100 mL) from hardwood site rainwater 
harvesting systems. 
Storm Event         Hardwood 1         Hardwood 2         Hardwood 3 Hardwood 
Throughfall 
 Flush Tank Flush Tank Flush Tank  
14 Oct 2016 -- -- TNTC TNTC TNTC TNTC TNTC 
18 Nov 2016 TNTC TNTC TNTC TNTC TNTC TNTC TNTC 
24 Nov 2016 TNTC TNTC TNTC TNTC TNTC TNTC TNTC 
28 Nov 2016 TNTC TNTC TNTC TNTC TNTC TNTC TNTC 
04 Dec 2016 TNTC 4,620 TNTC 6,007 TNTC 3,467 4,620 
06 Dec 2016 64,830 8,320 18,720 21,840 TNTC 8,670 10,400 
17 Jan 2017 -- -- -- -- -- -- -- 
19 Jan 2017 -- -- -- -- -- -- -- 
06 Feb 2017 -- -- -- -- -- -- -- 
14 Feb 2017 34,840 5,200 19,410 710 6,240 1,610 750 
20 Feb 2017 -- -- -- -- -- -- -- 
05 Mar 2017 -- -- -- -- -- -- -- 
11 Apr 2017 TNTC 70,720 TNTC 38,480 TNTC 39,000 TNTC 
22 Apr 2017 -- -- -- -- -- -- -- 
12 May 2017 TNTC 9,880 TNTC 4,160 TNTC TNTC 38,480 
21 May 2017 -- -- -- -- -- -- -- 
22 Jun 2017 -- -- -- -- -- -- -- 
27 Aug 2017 -- -- -- -- -- -- -- 
28 Aug 2017 -- -- -- -- -- -- -- 
29 Aug 2017 -- -- -- -- -- -- -- 
30 Aug 2017 -- -- -- -- -- -- -- 








Appendix B. (Continued) 
Table B4. E. coli (CFU/100 mL) from open site rainwater harvesting systems. 
Storm Event      Open 1      Open 2      Open 3 Open Capture 
 Flush Tank Flush Tank Flush Tank  
14 Oct 2016 -- -- -- -- -- -- 84 
18 Nov 2016 -- -- 0 10 2 2 6 
24 Nov 2016 -- -- 40 25 80 25 25 
28 Nov 2016 -- -- -- -- 0 0 10 
04 Dec 2016 -- -- -- -- 20 27 113 
06 Dec 2016 -- -- 0 10 20 10 0 
17 Jan 2017 -- -- -- -- -- -- -- 
19 Jan 2017 -- -- -- -- -- -- -- 
06 Feb 2017 -- -- -- -- -- -- -- 
14 Feb 2017 10 0 0 0 10 0 10 
20 Feb 2017 -- -- -- -- -- -- -- 
05 Mar 2017 -- -- -- -- -- -- -- 
11 Apr 2017 0 0 0 10 0 0 0 
22 Apr 2017 -- -- -- -- -- -- -- 
12 May 2017 0 10 0 40 0 30 100 
21 May 2017 -- -- -- -- -- -- -- 
22 Jun 2017 -- -- -- -- -- -- -- 
27 Aug 2017 -- -- -- -- -- -- -- 
28 Aug 2017 -- -- -- -- -- -- -- 
29 Aug 2017 -- -- -- -- -- -- -- 
30 Aug 2017 -- -- -- -- -- -- -- 









Appendix B. (Continued) 
Table B5. E. coli (CFU/100 mL) from pine site rainwater harvesting systems. 
Storm Event         Pine 1         Pine 2         Pine 3 Pine 
Throughfall 
 Flush Tank Flush Tank Flush Tank  
14 Oct 2016 -- -- 12 72 4 TNTC TNTC 
18 Nov 2016 22 4 114 30 12 140 998 
24 Nov 2016 820 10 930 15 765 100 35 
28 Nov 2016 110 20 380 10 80 100 40 
04 Dec 2016 67 13 260 0 193 67 33 
06 Dec 2016 10 0 80 20 40 80 0 
17 Jan 2017 -- -- -- -- -- -- -- 
19 Jan 2017 -- -- -- -- -- -- -- 
06 Feb 2017 -- -- -- -- -- -- -- 
14 Feb 2017 3,120 770 340 350 5,550 2,860 230 
20 Feb 2017 -- -- -- -- -- -- -- 
05 Mar 2017 -- -- -- -- -- -- -- 
11 Apr 2017 TNTC TNTC 70 90 TNTC 8,060 110 
22 Apr 2017 -- -- -- -- -- -- -- 
12 May 2017 13,260 2,860 130 30 4,160 1,560 7,020 
21 May 2017 -- -- -- -- -- -- -- 
22 Jun 2017 -- -- -- -- -- -- -- 
27 Aug 2017 -- -- -- -- -- -- -- 
28 Aug 2017 -- -- -- -- -- -- -- 
29 Aug 2017 -- -- -- -- -- -- -- 
30 Aug 2017 -- -- -- -- -- -- -- 








Appendix B. (Continued) 
Table B6. E. coli (CFU/100 mL) from hardwood site rainwater harvesting systems. 
Storm Event         Hardwood 1         Hardwood 2         Hardwood 3 Hardwood 
Throughfall 
 Flush Tank Flush Tank Flush Tank  
14 Oct 2016 -- -- TNTC TNTC TNTC TNTC 28 
18 Nov 2016 TNTC TNTC TNTC TNTC TNTC TNTC 22 
24 Nov 2016 TNTC TNTC TNTC 1,500 TNTC TNTC 25 
28 Nov 2016 TNTC TNTC TNTC 1,100 TNTC 2,440 10 
04 Dec 2016 TNTC 580 TNTC 253 TNTC 347 113 
06 Dec 2016 9,360 360 11,790 40 TNTC 710 30 
17 Jan 2017 -- -- -- -- -- -- -- 
19 Jan 2017 -- -- -- -- -- -- -- 
06 Feb 2017 -- -- -- -- -- -- -- 
14 Feb 2017 2,600 130 11,440 130 25,480 140 500 
20 Feb 2017 -- -- -- -- -- -- -- 
05 Mar 2017 -- -- -- -- -- -- -- 
11 Apr 2017 TNTC 23,920 TNTC 9,360 TNTC 8,580 TNTC 
22 Apr 2017 -- -- -- -- -- -- -- 
12 May 2017 TNTC 690 TNTC 1,370 TNTC 2,860 280 
21 May 2017 -- -- -- -- -- -- -- 
22 Jun 2017  -- -- -- -- -- -- 
27 Aug 2017 -- -- -- -- -- -- -- 
28 Aug 2017 -- -- -- -- -- -- -- 
29 Aug 2017 -- -- -- -- -- -- -- 
30 Aug 2017 -- -- -- -- -- -- -- 








Appendix B. (Continued) 
Table B7. Turbidity (FAU) from open site rainwater harvesting systems. 
Storm Event      Open 1      Open 2      Open 3 Open Capture 
 Flush Tank Flush Tank Flush Tank  
14 Oct 2016 -- -- -- -- -- -- -- 
18 Nov 2016 -- -- 0 0 6 0 2 
24 Nov 2016 -- -- 6 6 5 7 7 
28 Nov 2016 -- -- -- -- 3 0 0 
04 Dec 2016 -- -- -- -- 0 0 1 
06 Dec 2016 -- -- 0 0 0 0 0 
17 Jan 2017 0 0 0 0 0 0 0 
19 Jan 2017 0 0 0 0 0 0 0 
06 Feb 2017 0 0 11 0 4 4 8 
14 Feb 2017 0 8 6 0 4 0 3 
20 Feb 2017 4 0 5 0 2 4 3 
05 Mar 2017 22 0 39 0 18 0 5 
11 Apr 2017 7 0 8 0 10 0 1 
22 Apr 2017 3 1 2 1 1 2 -- 
12 May 2017 5 2 6 6 6 3 4 
21 May 2017 5 3 4 3 0 2 11 
22 Jun 2017 -- -- -- -- -- -- -- 
27 Aug 2017 1 0 0 0 0 0 1 
28 Aug 2017 -- 0 -- 0 -- 0 1 
29 Aug 2017 -- 3 -- 0 -- 0 3 
30 Aug 2017 -- 0 -- 3 -- 0 1 









Appendix B. (Continued) 
Table B8. Turbidity (FAU) from pine site rainwater harvesting systems. 
Storm Event         Pine 1         Pine 2         Pine 3 Pine 
Throughfall 
 Flush Tank Flush Tank Flush Tank  
14 Oct 2016 -- -- -- -- -- -- -- 
18 Nov 2016 23 18 16 7 26 17 24 
24 Nov 2016 31 24 19 14 24 13 16 
28 Nov 2016 25 9 23 11 34 20 13 
04 Dec 2016 12 1 9 1 8 2 1 
06 Dec 2016 3 6 7 2 5 4 2 
17 Jan 2017 9 5 3 0 9 3 4 
19 Jan 2017 5 1 4 0 2 1 1 
06 Feb 2017 25 14 11 12 16 19 11 
14 Feb 2017 23 5 16 3 20 7 9 
20 Feb 2017 16 6 12 7 12 8 7 
05 Mar 2017 55 23 37 17 26 25 31 
11 Apr 2017 46 6 39 9 48 12 7 
22 Apr 2017 38 19 39 8 42 16 14 
12 May 2017 25 12 19 9 35 14 13 
21 May 2017 34 16 35 8 29 13 16 
22 Jun 2017 -- -- -- -- -- -- -- 
27 Aug 2017 22 12 11 9 18 14 8 
28 Aug 2017 -- 3 -- 5 -- 8 5 
29 Aug 2017 -- 7 -- 12 -- 8 12 
30 Aug 2017 -- 12 -- 4 -- 12 16 








Appendix B. (Continued) 
Table B9. Turbidity (FAU) from hardwood site rainwater harvesting systems. 
Storm Event         Hardwood 1         Hardwood 2         Hardwood 3 Hardwood 
Throughfall 
 Flush Tank Flush Tank Flush Tank  
14 Oct 2016 -- -- -- -- -- -- -- 
18 Nov 2016 39 22 39 18 36 21 22 
24 Nov 2016 42 14 28 14 40 20 16 
28 Nov 2016 30 9 26 9 29 6 12 
04 Dec 2016 16 0 17 0 22 0 0 
06 Dec 2016 6 1 9 4 7 3 4 
17 Jan 2017 0 0 0 0 1 1 3 
19 Jan 2017 0 0 0 0 1 0 1 
06 Feb 2017 8 3 7 4 9 6 15 
14 Feb 2017 14 0 16 1 19 3 7 
20 Feb 2017 14 4 7 0 14 2 9 
05 Mar 2017 45 5 66 4 57 6 19 
11 Apr 2017 99 14 72 12 84 18 24 
22 Apr 2017 61 24 55 26 52 28 28 
12 May 2017 38 17 37 12 48 12 12 
21 May 2017 45 13 42 15 50 14 15 
22 Jun 2017 -- -- -- -- -- -- -- 
27 Aug 2017 -- -- -- -- -- -- -- 
28 Aug 2017 25 8 32 11 49 8 11 
29 Aug 2017 -- -- -- -- -- -- 25 
30 Aug 2017 -- 9 -- 9 -- 14 11 








Appendix B. (Continued) 
Table B10. Color (Pt-Co) from open site rainwater harvesting systems. 
Storm Event      Open 1      Open 2      Open 3 Open Capture 
 Flush Tank Flush Tank Flush Tank  
14 Oct 2016 -- -- -- -- -- -- -- 
18 Nov 2016 -- -- 0 0 0 0 14 
24 Nov 2016 -- -- 0 0 0 0 0 
28 Nov 2016 -- -- -- -- 0 0 10 
04 Dec 2016 -- -- -- -- 0 0 0 
06 Dec 2016 -- -- 0 0 0 0 0 
17 Jan 2017 0 0 0 0 0 0 0 
19 Jan 2017 0 0 0 0 0 0 0 
06 Feb 2017 0 0 10 0 0 0 21 
14 Feb 2017 0 58 33 14 34 0 4 
20 Feb 2017 14 0 22 0 0 0 0 
05 Mar 2017 193 0 550 4 122 9 115 
11 Apr 2017 48 0 43 0 54 0 13 
22 Apr 2017 0 0 0 0 0 0 -- 
12 May 2017 37 2 32 6 29 5 21 
21 May 2017 33 4 42 27 4 50 53 
22 Jun 2017 -- -- -- -- -- -- -- 
27 Aug 2017 0 0 0 0 0 0 0 
28 Aug 2017 -- 0 -- 1 -- 0 0 
29 Aug 2017 -- 1 -- 0 -- 0 6 
30 Aug 2017 -- 0 -- 0 -- 0 0 









Appendix B. (Continued) 
Table B11. Color (Pt-Co) from pine site rainwater harvesting systems. 
Storm Event         Pine 1         Pine 2         Pine 3 Pine 
Throughfall 
 Flush Tank Flush Tank Flush Tank  
14 Oct 2016 -- -- -- -- -- -- -- 
18 Nov 2016 215 173 160 76 238 186 197 
24 Nov 2016 248 35 168 31 222 37 83 
28 Nov 2016 209 83 115 40 197 99 108 
04 Dec 2016 89 3 80 7 84 3 9 
06 Dec 2016 44 61 12 0 32 19 17 
17 Jan 2017 121 75 45 9 110 60 31 
19 Jan 2017 78 31 22 0 56 0 4 
06 Feb 2017 175 204 105 122 205 198 165 
14 Feb 2017 227 78 157 21 198 46 73 
20 Feb 2017 209 51 79 46 155 74 80 
05 Mar 2017 445 200 392 161 276 238 117 
11 Apr 2017 354 54 223 21 257 83 79 
22 Apr 2017 160 138 133 41 195 123 104 
12 May 2017 255 89 184 62 278 71 60 
21 May 2017 172 152 183 80 254 124 155 
22 Jun 2017 -- -- -- -- -- -- -- 
27 Aug 2017 215 74 97 80 164 133 99 
28 Aug 2017 -- 43 -- 34 -- 61 73 
29 Aug 2017 -- 94 -- 59 -- 141 164 
30 Aug 2017 -- 83 -- 20 -- 100 105 








Appendix B. (Continued) 
Table B12. Color (Pt-Co) from hardwood site rainwater harvesting systems. 
Storm Event         Hardwood 1         Hardwood 2         Hardwood 3 Hardwood 
Throughfall 
 Flush Tank Flush Tank Flush Tank  
14 Oct 2016 -- -- -- -- -- -- -- 
18 Nov 2016 548 256 490 254 493 267 249 
24 Nov 2016 408 113 358 153 357 97 148 
28 Nov 2016 216 75 222 79 266 53 68 
04 Dec 2016 104 0 105 5 129 1 13 
06 Dec 2016 55 1 62 15 57 24 33 
17 Jan 2017 18 0 16 9 16 14 52 
19 Jan 2017 0 0 0 0 7 0 2 
06 Feb 2017 97 51 74 37 110 80 199 
14 Feb 2017 128 0 119 34 160 3 52 
20 Feb 2017 92 0 45 0 102 14 73 
05 Mar 2017 314 82 550 101 550 81 171 
11 Apr 2017 550 144 550 118 550 172 201 
22 Apr 2017 463 298 394 308 412 367 319 
12 May 2017 376 101 337 123 534 103 94 
21 May 2017 388 124 358 155 385 189 165 
22 Jun 2017 -- -- -- -- -- -- -- 
27 Aug 2017 -- -- -- -- -- -- -- 
28 Aug 2017 192 167 466 115 550 112 151 
29 Aug 2017 -- -- -- -- -- -- 187 
30 Aug 2017 -- 82 -- 82 -- 85 114 








Appendix B. (Continued) 
Table B13. pH (pH units) from open site rainwater harvesting systems. 
Storm Event      Open 1      Open 2      Open 3 Open Capture 
 Flush Tank Flush Tank Flush Tank  
14 Oct 2016 -- -- -- -- -- -- 6.87 
18 Nov 2016 -- -- 6.20 6.02 5.90 6.00 6.58 
24 Nov 2016 -- -- 6.19 5.78 6.45 5.79 6.19 
28 Nov 2016 -- -- -- -- 6.13 5.63 6.10 
04 Dec 2016 -- -- -- -- 6.13 5.57 5.66 
06 Dec 2016 -- -- 5.27 5.69 4.86 5.45 5.86 
17 Jan 2017 6.38 6.05 6.69 6.33 5.97 5.90 6.22 
19 Jan 2017 6.09 6.09 6.15 6.11 6.09 5.89 5.96 
06 Feb 2017 7.03 6.32 6.68 6.74 6.45 6.06 6.47 
14 Feb 2017 6.02 5.31 6.44 6.15 6.46 6.80 6.29 
20 Feb 2017 7.10 5.81 6.89 5.99 6.55 5.89 5.98 
05 Mar 2017 6.20 6.18 7.01 6.08 6.81 6.28 6.48 
11 Apr 2017 6.93 5.96 6.85 5.97 6.73 5.83 6.27 
22 Apr 2017 6.67 6.47 6.64 6.39 6.61 6.46 -- 
12 May 2017 6.96 6.38 6.53 6.16 6.84 6.29 6.09 
21 May 2017 6.69 5.86 6.33 6.18 6.54 6.15 6.02 
22 June 2017 6.74 -- -- 6.50 -- 6.29 5.63 
27 Aug 2017 6.44 6.08 6.47 6.17 6.20 6.26 6.18 
28 Aug 2017 -- 5.88 -- 6.10 -- 6.01 5.82 
29 Aug 2017 -- 6.26 -- 6.40 -- 6.12 5.86 
30 Aug 2017 -- 6.82 -- 5.58 -- 5.76 5.74 








Appendix B. (Continued) 
Table B14. pH (pH units) from pine site rainwater harvesting systems. 
Storm Event         Pine 1         Pine 2         Pine 3 Pine 
Throughfall 
 Flush Tank Flush Tank Flush Tank  
14 Oct 2016 -- -- 6.08 6.01 6.24 5.74 6.49 
18 Nov 2016 6.40 5.48 6.32 6.08 6.14 5.94 5.87 
24 Nov 2016 5.89 5.84 5.91 5.78 6.12 6.04 6.21 
28 Nov 2016 6.00 5.86 5.74 5.86 6.07 5.96 5.91 
04 Dec 2016 6.00 5.88 5.78 5.71 5.91 5.64 5.95 
06 Dec 2016 5.58 5.62 5.62 5.54 5.59 5.62 5.77 
17 Jan 2017 6.75 6.58 6.22 6.15 6.51 6.48 6.19 
19 Jan 2017 -- 6.62 6.65 6.39 6.28 6.37 6.41 
06 Feb 2017 7.01 6.59 6.92 6.69 7.00 6.25 6.62 
14 Feb 2017 6.63 6.53 6.72 6.37 6.15 6.34 6.35 
20 Feb 2017 6.70 6.42 6.94 6.36 6.67 6.62 6.24 
05 Mar 2017 6.47 6.64 6.96 6.52 7.03 6.56 6.63 
11 Apr 2017 6.54 6.49 6.07 6.17 6.37 6.14 6.13 
22 Apr 2017 6.25 6.5 6.47 6.37 6.47 6.16 6.35 
12 May 2017 5.86 6.06 6.03 6.09 5.92 6.14 5.89 
21 May 2017 6.33 6.16 6.06 6.16 6.28 5.92 6.13 
22 June 2017 -- -- -- -- -- -- -- 
27 Aug 2017 5.99 5.80 6.08 6.07 5.88 5.85 5.64 
28 Aug 2017 -- 5.95 -- 5.92 -- 6.04 5.93 
29 Aug 2017 -- 5.97 -- 6.78 -- 6.57 6.05 
30 Aug 2017 -- 5.82 -- 5.90 -- 5.71 5.72 








Appendix B. (Continued) 
Table B15. pH (pH units) from hardwood site rainwater harvesting systems. 
Storm Event         Hardwood 1         Hardwood 2         Hardwood 3 Hardwood 
Throughfall 
 Flush Tank Flush Tank Flush Tank  
14 Oct 2016 6.57 6.43 6.32 6.49 6.41 6.38 6.45 
18 Nov 2016 6.17 6.89 6.25 6.84 6.16 6.76 6.27 
24 Nov 2016 6.70 6.57 6.27 6.41 6.63 6.39 6.50 
28 Nov 2016 5.92 6.41 6.19 6.46 6.45 6.38 6.45 
04 Dec 2016 6.20 5.89 5.98 5.81 6.04 6.02 6.32 
06 Dec 2016 6.13 6.08 6.24 6.25 6.17 6.25 6.15 
17 Jan 2017 6.67 6.73 6.60 6.56 6.82 6.66 6.87 
19 Jan 2017 6.44 6.54 6.80 6.36 6.51 6.51 6.84 
06 Feb 2017 6.99 6.26 6.90 6.43 7.08 6.83 6.84 
14 Feb 2017 4.74 6.58 4.85 6.43 5.38 6.44 5.73 
20 Feb 2017 6.86 6.20 5.95 6.24 6.85 6.45 6.45 
05 Mar 2017 6.15 6.51 6.65 6.52 6.38 6.69 6.21 
11 Apr 2017 6.16 6.21 6.00 6.29 6.37 6.10 6.94 
22 Apr 2017 6.55 6.46 6.79 6.59 6.25 6.20 6.47 
12 May 2017 6.14 6.22 6.50 5.96 6.59 5.90 6.70 
21 May 2017 6.31 6.07 6.54 6.38 6.20 5.93 6.12 
22 June 2017 -- -- -- -- -- -- -- 
27 Aug 2017 -- -- -- -- -- -- -- 
28 Aug 2017 6.32 6.58 6.23 6.52 6.21 6.39 6.24 
29 Aug 2017 -- -- -- -- -- -- 6.84 
30 Aug 2017 -- 6.38 -- 6.19 -- 6.20 6.24 








Appendix B. (Continued) 
Table B16. Electric conductivity (µS/cm) from open site rainwater harvesting systems. 
Storm Event      Open 1      Open 2      Open 3 Open Capture 
 Flush Tank Flush Tank Flush Tank  
14 Oct 2016 -- -- -- -- -- -- 1.50 
18 Nov 2016 -- -- 15.49 13.46 19.46 8.50 26.70 
24 Nov 2016 -- -- 18.50 4.61 21.30 8.24 8.72 
28 Nov 2016 -- -- -- -- 16.25 5.92 9.87 
04 Dec 2016 -- -- -- -- 12.27 2.76 4.09 
06 Dec 2016 -- -- 6.28 9.57 18.92 3.29 6.19 
17 Jan 2017 23.60 21.10 19.76 20.40 28.10 10.05 22.90 
19 Jan 2017 8.87 3.84 8.62 6.57 9.16 3.05 4.33 
06 Feb 2017 76.10 20.60 55.30 16.59 37.30 10.82 35.10 
14 Feb 2017 6.29 43.10 31.20 6.38 29.40 6.19 12.24 
20 Feb 2017 34.30 5.97 30.70 5.70 25.60 5.31 8.10 
05 Mar 2017 49.80 10.67 57.70 11.08 52.10 10.80 16.69 
11 Apr 2017 57.60 18.87 42.40 6.35 49.20 5.35 8.57 
22 Apr 2017 23.00 14.65 14.87 17.92 20.40 13.42 -- 
12 May 2017 44.90 9.80 39.90 9.84 36.50 11.91 11.11 
21 May 2017 28.90 9.16 19.95 8.60 25.30 8.52 12.79 
22 June 2017 27.40 -- -- 7.27 -- 7.34 14.28 
27 Aug 2017 14.21 4.12 17.38 4.81 12.42 4.70 9.62 
28 Aug 2017 -- 2.73 -- 2.96 -- 2.65 3.33 
29 Aug 2017 -- 6.83 -- 6.84 -- 5.78 9.53 
30 Aug 2017 -- 4.20 -- 4.11 -- 3.95 4.50 








Appendix B. (Continued) 
Table B17. Electric conductivity (µS/cm) from pine site rainwater harvesting systems. 
Storm Event         Pine 1         Pine 2         Pine 3 Pine 
Throughfall 
 Flush Tank Flush Tank Flush Tank  
14 Oct 16 -- -- 133.10 85.30 101.50 41.80 27.00 
18 Nov 16 128.60 58.40 91.40 24.70 122.80 47.70 92.40 
24 Nov 16   87.10 13.15 65.80 11.99 93.80 15.65 23.30 
28 Nov 16   84.90 19.90 58.90 14.59 83.80 28.80 30.80 
04 Dec 16 35.20   5.28 31.20   6.49 38.90   6.99 8.84 
06 Dec 16 15.94   9.04 10.51 7.30 19.33 11.49 13.58 
17 Jan 2017 64.80 37.80 43.50 27.30 70.50 44.00 47.50 
19 Jan 2017 22.10 7.41 16.35 5.52 22.90 8.71 9.40 
06 Feb 2017 146.20 79.80 93.40 59.10 153.10 106.40 129.50 
14 Feb 2017 124.30 19.57 126.20 16.43 124.80 25.10 43.70 
20 Feb 2017 71.30 14.98 43.20 10.06 61.60 19.88 22.70 
05 Mar 2017 132.20 48.60 105.10 37.60 133.70 51.60 60.20 
11 Apr 2017 136.80 21.40 92.70 8.53 140.00 18.71 25.40 
22 Apr 2017 65.10 54.30 47.70 24.20 65.10 48.50 47.90 
12 May 2017 79.00 14.23 53.60 14.00 92.10 15.66 20.50 
21 May 2017 44.30 21.80 47.10 15.79 49.10 21.80 35.00 
22 Jun 2017 -- -- -- -- -- -- -- 
27 Aug 2017 45.30 9.82 30.40 10.03 29.90 15.17 23.20 
28 Aug 2017 -- 5.65 -- 6.31 -- 7.52 7.27 
29 Aug 2017 -- 15.91 -- 11.24 -- 17.80 20.10 
30 Aug 2017 -- 8.73 -- 4.62 -- 8.05 8.86 








Appendix B. (Continued) 
Table B18. Electric conductivity (µS/cm) from hardwood site rainwater harvesting 
systems. 
Storm Event         Hardwood 1         Hardwood 2         Hardwood 3 Hardwood 
Throughfall 
 Flush Tank Flush Tank Flush Tank  
14 Oct 16 125.30 62.30 100.70 54.70 110.30 58.20 74.80 
18 Nov 16 121.70 58.40 107.90 51.10 117.90 53.60 73.60 
24 Nov 16 82.60 22.80 58.60 21.10 67.50 20.20 33.40 
28 Nov 16 60.00 22.30 58.60 19.25 59.30 18.07 30.60 
04 Dec 16 32.80 6.74 31.80 8.18 37.90 6.63 9.42 
06 Dec 16 18.52 9.23 19.57 11.25 22.60 13.38 15.55 
17 Jan 2017 29.00 22.20 24.30 20.90 31.30 27.40 42.90 
19 Jan 2017 4.25 4.58 9.85 4.70 13.41 5.72 10.25 
06 Feb 2017 85.30 33.80 67.60 31.00 92.40 43.40 99.40 
14 Feb 2017 73.10 8.48 63.40 10.74 84.10 11.15 34.60 
20 Feb 2017 45.70 8.43 41.60 7.81 59.70 11.27 24.20 
05 Mar 2017 76.50 22.80 69.80 16.75 66.50 23.90 54.90 
11 Apr 2017 129.10 16.37 112.80 21.40 137.90 21.10 45.20 
22 Apr 2017 74.70 42.90 61.40 41.20 55.50 41.30 64.40 
12 May 2017 80.10 13.55 71.00 14.40 86.50 14.67 22.20 
21 May 2017 62.30 18.76 57.20 18.71 63.50 20.20 30.00 
22 Jun 2017 -- -- -- -- -- -- -- 
27 Aug 2017 -- -- -- -- -- -- -- 
28 Aug 2017 26.20 12.11 55.10 13.32 56.50 13.02 20.70 
29 Aug 2017 -- -- -- -- -- -- 27.90 
30 Aug 2017 -- 9.64 -- 10.41 -- 11.91 19.40 







Appendix B. (Continued) 
Table B19. Nitrogen as Nitrate (mg/L) from open site rainwater harvesting systems. 
Storm Event      Open 1      Open 2      Open 3 Open Capture 
 Flush Tank Flush Tank Flush Tank  
14 Oct 16 -- -- -- -- -- -- 0.295 
18 Nov 16 -- -- -- -- -- -- -- 
24 Nov 16 -- -- -- -- -- -- -- 
28 Nov 16 -- -- -- -- -- -- -- 
04 Dec 16 -- -- -- -- -- -- -- 
06 Dec 16 -- -- -- -- -- -- -- 
17 Jan 2017 0.000 0.462 0.000 0.000 0.497 0.000 0.375 
19 Jan 2017 0.000 0.000 0.000 0.000 0.543 0.000 0.000 
06 Feb 2017 2.840 1.174 2.409 0.542 0.922 0.418 1.227 
14 Feb 2017 0.327 0.981 1.107 0.353 0.791 0.332 0.417 
20 Feb 2017 0.645 0.394 0.645 0.385 1.947 0.420 0.538 
05 Mar 2017 0.385 0.274 0.399 0.593 0.399 0.000 1.198 
11 Apr 2017 0.915 0.365 0.817 0.404 0.907 0.336 0.307 
22 Apr 2017 0.478 0.465 0.434 0.464 0.479 0.448 -- 
12 May 2017 0.980 0.438 0.931 0.437 0.905 0.460 0.455 
21 May 2017 0.530 0.452 0.510 0.456 0.563 0.458 0.393 
22 Jun 2017 0.000 -- -- 0.000 -- 0.000 0.000 
27 Aug 2017 0.678 0.372 0.664 0.361 0.629 0.355 0.312 
28 Aug 2017 -- 0.321 -- 0.000 -- 0.000 0.298 
29 Aug 2017 -- 0.466 -- 0.481 -- 0.446 0.309 
30 Aug 2017 -- 0.000 -- 0.346 -- 0.392 0.307 








Appendix B. (Continued) 
Table B20. Nitrogen as Nitrate (mg/L) from pine site rainwater harvesting systems. 
Storm Event         Pine 1         Pine 2         Pine 3 Pine 
Throughfall 
 Flush Tank Flush Tank Flush Tank  
14 Oct 16 -- -- 0.064 0.329 0.307 0.454 0.542 
18 Nov 16 -- -- -- -- -- -- -- 
24 Nov 16 -- -- -- -- -- -- -- 
28 Nov 16 -- -- -- -- -- -- -- 
04 Dec 16 -- -- -- -- -- -- -- 
06 Dec 16 -- -- -- -- -- -- -- 
17 Jan 2017 0.702 0.408 0.482 0.000 0.800 0.628 0.662 
19 Jan 2017 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
06 Feb 2017 0.000 2.033 2.130 1.936 0.000 3.626 5.161 
14 Feb 2017 3.308 0.500 2.936 0.521 3.498 0.691 1.203 
20 Feb 2017 1.057 0.434 1.762 0.534 0.793 0.404 0.600 
05 Mar 2017 0.677 0.000 0.656 1.324 0.862 0.000 0.763 
11 Apr 2017 1.260 0.435 1.228 0.399 2.286 0.507 0.559 
22 Apr 2017 0.475 0.793 0.557 0.549 0.298 0.804 0.872 
12 May 2017 1.985 0.480 1.550 0.479 2.212 0.509 0.633 
21 May 2017 0.483 0.535 0.358 0.500 0.000 0.607 0.788 
22 Jun 2017 -- -- -- -- -- -- -- 
27 Aug 2017 1.099 0.389 0.609 0.408 0.975 0.492 0.729 
28 Aug 2017 -- 0.293 -- 0.297 -- 0.302 0.301 
29 Aug 2017 -- 0.349 -- 0.312 -- 0.345 0.804 
30 Aug 2017 -- 0.394 -- 0.330 -- 0.342 0.393 








Appendix B. (Continued) 
Table B21. Nitrogen as Nitrate (mg/L) from hardwood site rainwater harvesting systems. 
Storm Event         Hardwood 1         Hardwood 2         Hardwood 3 Hardwood 
Throughfall 
 Flush Tank Flush Tank Flush Tank  
14 Oct 16 0.012 0.039 0.021 0.014 0.024 0.147 0.084 
18 Nov 16 -- -- -- -- -- -- -- 
24 Nov 16 -- -- -- -- -- -- -- 
28 Nov 16 -- -- -- -- -- -- -- 
04 Dec 16 -- -- -- -- -- -- -- 
06 Dec 16 -- -- -- -- -- -- -- 
17 Jan 2017 0.000 0.444 0.400 0.395 0.000 0.000 0.522 
19 Jan 2017 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
06 Feb 2017 1.424 0.825 2.583 0.755 1.333 1.800 2.283 
14 Feb 2017 1.515 0.376 0.966 0.374 1.484 0.384 0.709 
20 Feb 2017 0.785 0.404 1.081 0.000 0.419 0.404 0.394 
05 Mar 2017 0.483 0.000 0.431 0.000 0.490 0.266 0.583 
11 Apr 2017 0.000 0.387 0.000 0.394 0.000 0.400 0.402 
22 Apr 2017 0.000 0.485 0.000 0.498 0.000 0.520 0.597 
12 May 2017 0.676 0.441 0.577 0.450 0.455 0.448 0.587 
21 May 2017 0.000 0.472 0.000 0.459 0.000 0.457 0.663 
22 June 2017 -- -- -- -- -- -- -- 
27 Aug 2017 -- -- -- -- -- -- -- 
28 Aug 2017 0.292 0.307 0.295 0.317 0.293 0.321 0.416 
29 Aug 2017 -- -- -- -- -- -- 0.789 
30 Aug 2017 -- 0.337 -- 0.293 -- 0.311 0.382 








Table B22. Nitrogen as Nitrite (mg/L) from open site rainwater harvesting systems. 
Storm Event      Open 1      Open 2      Open 3 Open Capture 
 Flush Tank Flush Tank Flush Tank  
14 Oct 16 -- -- -- -- -- -- 0.000 
18 Nov 16 -- -- -- -- -- -- -- 
24 Nov 16 -- -- -- -- -- -- -- 
28 Nov 16 -- -- -- -- -- -- -- 
04 Dec 16 -- -- -- -- -- -- -- 
06 Dec 16 -- -- -- -- -- -- -- 
17 Jan 2017 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
19 Jan 2017 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
06 Feb 2017 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
14 Feb 2017 0.057 0.064 0.000 0.058 0.000 0.057 0.000 
20 Feb 2017 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
05 Mar 2017 0.055 0.000 0.000 0.000 0.000 0.000 0.000 
11 Apr 2017 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
22 Apr 2017 0.000 0.000 0.000 0.000 0.000 0.000 -- 
12 May 2017 0.073 0.055 0.060 0.055 0.057 0.055 0.000 
21 May 2017 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
22 June 2017 0.000 -- -- 0.000 -- 0.000 0.000 
27 Aug 2017 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
28 Aug 2017 -- 0.000 -- 0.000 -- 0.000 0.000 
29 Aug 2017 -- 0.057 -- 0.057 -- 0.000 0.000 
30 Aug 2017 -- 0.000 -- 0.000 -- 0.068 0.000 









Table B23. Nitrogen as Nitrite (mg/L) from pine site rainwater harvesting systems. 
Storm Event      Pine 1      Pine 2      Pine 3 Pine 
Throughfall 
 Flush Tank Flush Tank Flush Tank  
14 Oct 16 -- -- 0.000 0.000 0.405 0.000 0.000 
18 Nov 16 -- -- -- -- -- -- -- 
24 Nov 16 -- -- -- -- -- -- -- 
28 Nov 16 -- -- -- -- -- -- -- 
04 Dec 16 -- -- -- -- -- -- -- 
06 Dec 16 -- -- -- -- -- -- -- 
17 Jan 2017 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
19 Jan 2017 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
06 Feb 2017 1.264 0.000 0.000 0.628 0.000 0.000 0.000 
14 Feb 2017 0.000 0.059 0.188 0.059 0.000 0.059 0.000 
20 Feb 2017 0.058 0.055 0.000 0.054 0.058 0.000 0.056 
05 Mar 2017 0.000 0.000 0.000 0.000 0.000 0.000 0.096 
11 Apr 2017 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
22 Apr 2017 0.000 0.000 0.063 0.000 0.063 0.000 0.000 
12 May 2017 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
21 May 2017 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
22 June 2017 -- -- -- -- -- -- -- 
27 Aug 2017 0.092 0.000 0.074 0.000 0.000 0.000 0.000 
28 Aug 2017 -- 0.000 -- 0.000 -- 0.000 0.000 
29 Aug 2017 -- 0.000 -- 0.000 -- 0.000 0.000 
30 Aug 2017 -- 0.000 -- 0.000 -- 0.000 0.000 









Table B24. Nitrogen as Nitrite (mg/L) from hardwood site rainwater harvesting systems. 
Storm Event      Hardwood 1      Hardwood 2      Hardwood 3 Hardwood 
Throughfall 
 Flush Tank Flush Tank Flush Tank  
14 Oct 16 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
18 Nov 16 -- -- -- -- -- -- -- 
24 Nov 16 -- -- -- -- -- -- -- 
28 Nov 16 -- -- -- -- -- -- -- 
04 Dec 16 -- -- -- -- -- -- -- 
06 Dec 16 -- -- -- -- -- -- -- 
17 Jan 2017 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
19 Jan 2017 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
06 Feb 2017 1.237 0.000 0.000 0.000 1.327 0.000 0.954 
14 Feb 2017 0.698 0.058 0.143 0.060 0.102 0.059 0.623 
20 Feb 2017 0.059 0.000 0.057 0.055 0.055 0.000 0.000 
05 Mar 2017 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
11 Apr 2017 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
22 Apr 2017 0.000 0.000 0.000 0.000 0.000 0.000 0.104 
12 May 2017 0.000 0.000 0.358 0.000 0.206 0.000 0.077 
21 May 2017 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
22 June 2017 -- -- -- -- -- -- -- 
27 Aug 2017 -- -- -- -- -- -- -- 
28 Aug 2017 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
29 Aug 2017 -- -- -- -- -- -- 0.084 
30 Aug 2017 -- 0.000 -- 0.000 -- 0.000 0.061 




















Open Capture 0% 0% 0% 0% 0% 
Open roof 1 0% 0% 0% 0% 0% 
Open roof 2 0% 0% 0% 0% 0% 
Open roof 3 0% 0% 0% 0% 0% 
Pine Throughfall  100% 100% 100% 100% 100% 
Pine roof 1 100% 100% 100% 100% 100% 
Pine roof 2 100% 100% 100% 100% 100% 
Pine roof 3 100% 100% 100% 100% 100% 
Hardwood 
Throughfall 
100% 100% 100% 100% 100% 
Hard roof 1 100% 100% 100% 100% 100% 
Hard roof 2 100% 100% 100% 100% 100% 














Appendix C. Forms 






































Appendix D. QA/QC Information 
 
Quality Assurance & Quality Control 
Duplicates 
   To report on the reproducibility of analyses, duplicate samples were collected in the 
field, once for each sampling event, from a different source each event. Reproducibility 
was determined by measuring the percent difference between samples: 
|C1-C2|_ 
(C1+C2)/2   x 100 = relative percent difference (RPD) 
where C1 is the concentration of the first sample, and C2 is the concentration of the 
duplicate sample. 
   There were 131 analyte pairs analyzed with original and field duplicate samples. Of 
those, 58% had an RPD of ≤10%, and 66% had an RPD of ≤25%. Of the remaining pairs 
with higher RPDs, the preponderance had a difference that was in non-detection versus 
very little detected, such as the January 19, 2017 pair that had 1 NTU turbidity in the 
regular sample, but no turbidity detected in the QA sample. That situation results in an 
RPD of 200%, even though the real difference may be minimal. 12% of analyzed pairs 








Appendix D. (Continued) 
Blanks 
Table D1. Results from the 21 trip blanks used during the study 
Analyte Mean  Median Mode Maximum Minimum 
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Percent Recovery 
   The recovery of E. coli from E.coli spikes in the lab averaged 87% for the primary 
investigator with a high of 100% and a low of 73%. Student workers on the project were 
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